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ABSTRACT 
The majority of failures of mechanical components are caused by fatigue. Unlike 
many conventional engineering components, implants in the body are subjected 
to complex multidirectional loading patterns, thus fatigue not only occurs under 
axial, fully or partly reversed loading, but also under torsional loading. 
The fatigue behaviours of self-reinforced poly lactide composite (PLA) of 
unidirectional PLA fibres in PLA matrix containing tricalcium phosphates (TCP), 
(PLA-PLA-TCP) produced via pre-pregging technique has been investigated. 
Quasi-static test results indicated that PLA-PLA-TCP is stronger in tension than in 
compression and torsion and is significantly influence by moulding temperature. 
Uniaxial fatigue testing at 37° C in saline solution established S-N (Wöhler) 
curves for both axial and torsional loading for two moulding temperatures 
(140°C and 150°C). Compression loading showed significant effect on the axial 
fatigue behaviour. Biaxial fatigue results showed that the addition of torsion to 
axial loading significantly reduced the fatigue life. Out-of-phase loading was less 
detrimental to the fatigue life than in-phase. Fatigue development was 
evaluated by reduction in secant modulus and increase in energy absorbed. The 
threshold number of cycles at which damage starts to accumulate in the 
composite was found to be load ratio and direction dependent. 
The effects of the degradation process in saline solution on the fatigue 
behaviour of the composite were also studied at 25% of the ultimate tensile and 
shear stresses. The specimens were immersed for 8, 12, 16 and 20 weeks periods 
before testing.  The results indicated that even though immersion in saline 
solution reduced the static and cyclic properties of the composite, it still had 
good strength retention and comparable to the cortical bone at the end of 20 
weeks of degradation period.  
Microscopy examination on the fracture surface indicated that in uniaxial 
tension-compression fatigue, the failure was dominated by compression and 
failed via microbuckling mechanism. Biaxial fatigue failure was dominated by 
shear mechanisms with evidence of interfacial failure and fatigue striations.  
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NONMENCLATURE 
q Angle of shear (°) 
° Degrees 
d Elongation (mm) 
E Young’s modulus (GPa) 
G Shear modulus (GPa) 
n Poisson’s ratio 
t Shear stress (MPa) 
tmax Maximum shear stress (MPa) 
ε Longitudinal strain 
g Shear strain 
s Axial stress 
s1,2 Maximum/minimum principal stress (MPa) 
sC,T Compressive/Tensile stress (MPa) 
A Cross sectional area of specimen (mm2) 
r Density (Mgm-3) 
dg,s Diameter in gauge length, shoulder of specimen (mm) 
HA Hydroxyapatite  
IF Tsai-Wu value 
L,l Length of test section (mm) 
ls,g Length of gauge section, shoulder of specimen (mm) 
MN Molecular weight-number average 
MW Molecular weight- weight  average 
N Number of cycles 
Nf Number of cycles to failure 
P Applied force (N) 
PGA Polyglycolic acid 
PLA Polylactic acid 
PLLA Poly-L-lactic acid 
PDLA Poly-D-lactic acid 
PLDLA Poly-L-D-lactic acid 
TCP Tricalcium phosphate  
α-TCP α-tricalcium phosphate  
am-TCP am-tricalcium phosphate  
ap-TCP ap-tricalcium phosphate  
Β-TCP Β-tricalcium phosphate  
  17 
BCP Biphasic calcium phosphate 
r Radius of gauge section (mm) 
r.a Real/apparent (correction factor) 
T Applied torque (Nm) 
UCS Ultimate compressive strength (MPa) 
USS Ultimate shear strength (MPa) 
UTS Ultimate tensile strength (MPa) 
Vf,m Volume fraction of fibre/matrix 
Xt, Xc and Xs 
 
Yield strengths under tensile, compression and torsion 
respectively (MPa) 
CHAPTER 1 - INTRODUCTION 
  
“Bone is power. It is bone to which the soft parts cling, from which they are, 
helpless, strung and held aloft to the sun, lest man be but another slithering 
earth-noser. What is this tissue that has double the strength of oak?” 
Richard Selzer. 
The development of bioresorbable and simultaneously bioactive PLA-based 
composites has progressed from partially absorbable PLA composites reinforced 
with carbon fibres to totally absorbable composites reinforced with calcium 
phosphates, such as hydroxyapatite (HA) (Wright-Charlesworth et al., 2006) or 
tricalcium phosphate (TCP), particles or fibres or bioactive glass particles (Cool 
et al., 2007) and with PLA fibres (Bleach et al., 2002) in fracture fixation 
applications. Biodegradable implants have many advantages compared to 
metallic implants, as they are able to provide adequate fixation during fracture 
healing but also degrade slowly in the body thus eliminating the need for a 
removal operation. As the implant slowly degrades during application, this 
allows gradual stress transfer from the implant to the healing bone, not only 
reduces the risk of osteoporosis but also stimulates bone growth and remodelling 
(Viljanen et al., 2001). 
However, as most applications in the body are subjected to cyclic loads, with 1 
million cycles per annum estimated for finger joints while in hips, it ranges from 
0.5 to 2 millions cycles per annum depending on the patient’s age and activity 
levels (Wallbridge and Downson, 1982). Thus if self reinforced polylactides acid –
tricalcium phosphate filled composite (PLA-PLA-TCP) is to be used in cyclically 
loaded implants, its fatigue behaviour needs to be investigated. Another 
challenge of using degradable polymer such as polylactides as internal fixation 
devices is when used alone, they do not have adequate mechanical properties 
for use in load-bearing application. However, a self-reinforcing manufacturing 
method is adopted in this study in order to improve the mechanical properties of 
the polymer. Incorporating fillers such as calcium phosphate has not only 
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increased the bioactivity of the polymer but also altered the degradation 
behaviour of the matrix polymer.  
This thesis is divided into 7 chapters. Chapter 2 is a comprehensive review of the 
literature, which includes description of the bone structure and some 
representative polymeric based biomaterials as well as a brief comparison of 
their mechanical properties. The background of uniaxial and multiaxial fatigue 
theory is also considered. Chapter 3 outlines the materials of interest and 
experimental technique used to characterize the materials, including the 
methods of post-testing analysis such as stress analysis and microscopic 
examinations. The results and discussion accompany the finding are presented in 
three chapter; Chapter 4 covers the physical, quasi-static testing, uniaxial 
fatigue as well as consideration of the effect of moulding temperature on the 
mechanical properties of the unidirectional composite. Chapter 5 deals with the 
alterations on fatigue properties in effect of the combination of different 
loading level as well as phase angle.  Chapter 6 explores the effect of the 
fatigue properties of the composite in regards to degradation activities by saline 
solution. In this study the composite were immersed for up to 20 weeks prior to 
the testing. Failure modes are illustrated with fractography of the fracture 
surfaces to provide in depth understanding of the failure. Chapter 7 summarises 
the finding of the project together with future research, which should lead on 
from this project. 
 
The aims of this thesis were to: 
1. to study the effect of moulding temperature on the uniaxial fatigue life of 
PLA-PLA-TCP composite 
2. to study the biaxial fatigue behaviour of PLA-PLA-TCP composite 
3. to study the effect of the degradation on the uniaxial fatigue behaviour of 
the composite 
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Within the first aim, the specific objectives were to: 
1. investigate the effect of the compression moulding temperature on the 
mechanical testing of the composite both tensile, compressive and 
torsion properties of the PLA-PLA-TCP composite. 
2. gain greater understanding the fatigue behaviour of the composite 
under uniaxial loading by establishing an S-N curve in order to provide 
better estimation of the fatigue lives, observing the degradation on 
the mechanical properties of the composite due to fatigue via by 
reduction in secant modulus and increase of energy absorbed with 
respect to different moulding temperature  
3. investigate the effect of compressive loading mode on the fatigue life 
of the composite 
Within the second aim, the specific objectives were to: 
1. investigate the effect of combined stresses on the fatigue life on  PLA-
PLA-TCP composite 
2. investigate the effect of phase angle on the fatigue life of the PLA-
PLA-TCP composite 
Within the third aim, the specific objectives were to: 
1. investigate the effect of the in vitro degradation of the composite on 
the tensile and torsion properties as well as uniaxial fatigue behaviour 
at fully reversed tension-compression and torsional loading at low 
level stress (25% of ultimate strengths) 
CHAPTER 2 - BONE AND BIOMATERIALS 
2.1 STUCTURE AND MECHANICS OF BONE 
Bone describes both the structures and the materials of which they are made. 
The system has a complex structure and function at the macroscopic, 
microscopic and ultramicroscopic levels and has various chemical and 
physiological interrelations. Bone is a composite that composes of three major 
components which are a tough collagen fibre matrix, a natural polymer (around 
20 wt.%), stiffened by calcium phosphate mineral (69 wt.%), while the rest 
consists of a mixture of water (9 wt.%) and other organic compound such as 
mucopolysacchrides and protein polysaccharides (Currey, 1998, Park and Lakes, 
2007).  
2.1.1 Bone structure 
2.1.1.1 Primary Bone 
Mammalian bone exists in two fairly distinct forms which are woven bone and 
lamellar bone, also known as primary bone. Woven bone is laid down very 
quickly, reported more than 4 µm thickness per day, and is usually found in 
foetuses and the callus which is produced in early stages of fracture repair. The 
collagen fibres are randomly orientated, fine, being around 0.1 µm in diameter. 
In comparison with woven bone, lamellar bone is laid down much more slowly in 
more precise arrangement with less than 1 µm thickness deposited a day. On the 
molecular scale, the bone mineralcrystals and collagen are arranged in sheets 
known as lamellae (Currey, 1998). The collagen found in bone mainly type I, 
twisted in a helicoidal structure that consist of two α1 and one α2 amino acid 
chains.  These chains are then coiled in a right handed super helix to form 30 nm 
long tropocollagen molecules. These molecules then are stacked together with a 
substantial overlap to form microfibrils.  Under the electron microscopy, regular 
transverse striations are observed on the microfibrils resulting from the 
staggered arrangement of the tropocollagen (Vaughan, 1975).  
The bone mineral apatite crystals have a hexagonal lattice and similar chemical 
formula to hydroxyapatite, Ca10(PO4)6(OH)2. The crystals are aligned parallel to 
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the collagen fibrils and act as reinforcements to provide a very strong and tough 
composite (Hench, 2005). The stoichiometric ratio of calcium to phosphorus in 
human bone is 1.67 but it has been reported to vary from 1.37 to 1.91 usually 
with the lowest values from young children and in elderly bone (Boskey, 2004). 
Ion substitution occurs; therefore the apatite in bone is not exactly 
stoichiometric hydroxyapatite. Sodium, strontium and lead ions can substitute 
for the calcium ions and fluoride or chloride can substitute for the hydroxyl ions 
and carbonates for the hydroxyl or phosphate ions. While other ions that cannot 
be accommodated by apatite lattice such as potassium, it is believed that they 
are absorbed onto the surface (Martin, 1999). 
On the microscope scale, collagen fibres are arranged into lamellae, which can 
be in the form of sheets or be organized around a Haversian canal to form a 
Haversian system or osteon. The central Haversian canal, containing blood 
vessels, is surrounded by concentric lamellae of circumferentially arranged 
osteocytes making up the Haversian system. Adjacent lamellae within the osteon 
have preferred collagen fibre orientations with alternating directions, but the 
osteons are arranged so their long axes are aligned with the long axis of the 
bone. The diameter of an osteon is limited by the need for lamellae to be within 
diffusion distance of the Haversian canal to allow effective transport of nutrients 
in and waste products out. Communications between the osteons and the 
medullary cavity is achieved by the presence of Volkmann’s canals, which run 
transversely. The osteons pack together to form cortical bone, the most 
organised mineralised tissue in the body. They are surrounded by lamellar bone 
laid down in sheets and on the endosteal (inner) and periosteal (outer surfaces) 
of cortical bone, a layer of osteogenic cells exist (Hench, 2005). 
The location of cortical bone in a femur, a typical long bone, is shown in Figure 
 2.1, which also shows that on the microstructural levels, a second type of 
lamellar bone known as trabecular or cancellous bone is situated at the bone 
ends, found below the joint surface. Trabecular or cancellous bone consists of a 
branched network of bony tissue surrounded by marrow with the thickest 
trabeculae orientated in the direction of maximum stress. The trabeculae are 
made of lamellar bone, but with virtually no internal blood vessels as the 
Chapter 2 Bone and Biomaterials  23 
 
nutrients are received from the intratrabecular spaces. This structure provides 
mechanical strength without excessive weight and allows concentrated loads to 
be dispersed. For example, where tendons and ligaments are attached to the 
bone or below joint surfaces, cancellous bone allows impact loads to be resisted. 
It also gives a large reaction area for metabolic activities. Bone remodelling 
takes place directly on the surface of the trabeculae and this is much more 
active than in cortical bone (Vaughan, 1975; Black, 1988; Revell, 1998). 
 
Figure  2.1 Typical bone structures (from Martini, 2004) 
 
2.1.1.2 Secondary Bone 
In cortical bone, there are variations in the degree of mineralization of the 
osteons as results from remodelling of the primary bones, forming secondary 
bone. Remodelling process can be understood as the adaptation ability of the 
bone to changes to its mechanical conditions. Wolff first postulated in late 19th 
Century “the law of bone remodelling” which is the law according to which 
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“alterations of the internal architecture are clearly observed and following 
mathematical rules, as well as secondary alterations of the external form of the 
bones following the same mathematical rules, occur as a consequence of 
primary changes in the shape and stressing or in the stressing of bones” (Brand 
and Claes, 1989). 
There are three major types of cells present in bone namely osteoblasts, 
osteocytes and osteoclasts. Osteoblasts are normally located on the surface of 
bone, are mononucleate and their functions are to make osteoid and 
manufacture hormones, such as prostaglandins. Osteoblasts produce alkaline 
phosphatase, a type of hydrolase enzyme that responsible to remove phosphate 
groups, and has important role in bone mineralization as well as many matrix 
proteins (Davies, 1999). 
Osteocytes are mature bone cells, originate from osteoblasts which have 
migrated into and become trapped in lacunae that is pores in bone. Osteocytes 
have many function including formation of bone, matrix maintenance and 
calcium homeostasis. They also act as mechanosensory receptors regulating the 
bone’s response to stress (Martini, 2004). 
Osteoclasts are large, multinucleated cells located on bone surfaces in 
resorption pits, known as Howship’s lacunae and are responsible for bone 
resorption. Osteoclasts tunnel through the bone to form cylindrical spaces 
through which blood vessels grow. Osteoblasts follow behind laying down new 
lamellar bone circumferentially around the blood vessels, forming secondary 
osteons. As the bone tissue is laid down, the osteon becomes mineralized. Since 
the rate of remodelling is variable, so will be the degree of mineralization in 
different osteons. A layer of cement separates both the lamellae within the 
osteon and osteons themselves. Between the Harversian systems, interstitial 
bone, areas of mineralized matrix left by earlier remodelling processes remain. 
The structure of a secondary osteon is shown in Figure  2.2. 
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Figure  2.2 The microstructure of secondary cortical bone 
(a) schematic of bone microstructure (b) cortical bone osteon or Haversian system with 
central Haversian canal, concentric lamellae, and uniformly spaced lacunae (c) trabeculae 
shown in cross section with lamellae of bone, lacunae, and outer covering of endosteum 
(from McKinley  and O’Loughlin, 2008) 
 
2.1.2 Mechanical Properties 
Bone is linear elastic and brittle in nature, at the same time an anisotropic and 
viscoelastic material. Thus, the mechanical properties of bone cannot be stated 
simply since there are many factors that will affect its strength and stiffness 
such as porosity, degree of mineralization, the orientation of the collagen fibres 
and others (Martin, 1999). Test condition such orientation of samples with 
respect to the long axial axis of the bone, loading mode as well as strain rate 
also can influence the outcome of their mechanical properties. However, in 
order to aid with the design of osteoimplants, it is necessary to establish the 
range of mechanical properties of bone, as summarized in Table  2.1. Cortical 
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bone is stronger and stiffer than cancellous bone. Cancellous bone is porous and 
this leads to the lower mechanical properties (Gibson and Ashby, 1997). 
Table  2.1 Some mechanical properties of human bone 
(from Currey, 1998; Hench and Wilson, 1993) 
 Cortical Bone Cancellous Bone 
Compressive strength (MPa) 100-230 2-12 
Flexural , tensile strength (MPa) 50-150 10-20 
Young’s (tensile) modulus (GPa) 7-30 0.05-05 
Fracture toughness (MPa m1/2) 2-12 - 
Strain to failure (%) 1-3 5-7 
 
2.2 MATERIALS FOR BONE REPLACEMENT 
In the last few decades, rapid progress in materials engineering research has 
lead to vast changes in materials development and utilization. Biomaterial 
applications span from total replacement of tissues and organs to improve 
function, corrective and repairs device to restore the function of the 
traumatized or degenerated tissues, to help in correct abnormalities and healing 
of the damaged tissue in order to improve the quality of the patient’s life. As 
early as 1900s, biomaterials have been studied and the first breakthrough was 
made when steel was used to assist fracture fixation. However, in these early 
years, due to lack of understanding of material behaviour and mechanical 
forces, many of these bone plates failed. Over time, the understanding of the 
requirement for the biomaterials increased, resulting in accelerating of growth 
in development in biomaterials field. Metals, ranged from stainless steel, cobolt-
chrome alloys to tantalum and titanium alloys are now used successfully. Beside 
metallic based materials, ceramics and glasses, classified as either inert such as 
alumina and zirconia or active (calcium phosphate and bioglasses) have also 
been discovered to have a good potential for use as biomaterials. They can be 
used both alone in dense or porous form or in combination with another material 
in form of composites.  
Biomaterials usually refer to the synthetic materials used to replace part or 
function of living system and have an intimate contact with living tissue. Over 
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the years, numerous definitions have been proposed. The Clemson University 
Advisory Board for Biomaterials has officially defined a biomaterial to be “a 
systemically and pharmacologically inert substance designed for implantation 
within or incorporation with living systems” (Park and Lakes, 2007). Black (1992) 
defined biomaterials as “a nonviable material used in a medical device, intended 
to interact with biological system”. Other authors such as Bruck (1980) define 
biomaterials as “materials of synthetic as well as of natural origin in contact 
with tissue, blood, and biological fluids…. without adversely affecting the living 
organism and its component”. Williams (1999) define biomaterials both as “non-
viable materials used in a medical device, intended to interact with biological 
systems” and “materials intended to interface with biological systems to 
evaluate, treat, augment or replace any tissue, organ or function of the body”. 
In comparison, a biological material is a material such as skin or artery produced 
by a biological system. In general, biomaterial shall be used in this thesis to 
denote a man made material that is used in the biological situation. 
The success of biomaterials in the body depends of many factors such as 
materials properties, design, biocompatibility, reliability, ease of manufacture 
and others. Consequently, even if only one of these factors is perfectly 
controlled, for example the mechanical design, so that the corresponding 
reliability is unity, other factors such as biocompatibility can severely affect the 
utility represented by the total reliability of the implants. Table  2.2 summarizes 
the number of requirement for the biomaterials. 
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Table  2.2 The requirement for biomaterials performance  
(adapted from Williams, 1999) 
Requirement Implications 
Materials properties Strength and stiffness similar to the tissue or organ 
that it going to replace. Must have sufficient fatigue 
properties so failure will not occur prematurely 
Design  Proper design that will give the adequate mechanical 
properties during application to avoid failure due 
insufficient strength 
Biocompatibility Non-toxic, non-irritant, non-carcinogenic, non-allergic 
Reliability Several different failure modes may be operating that 
control the probability of failure of the implant such 
as mechanical or biological deficiencies. 
Ease of manufacturing The materials should be relatively inexpensive and 
easy to mass produce, able to be sterilised without 
altering their mechanical properties and easy to use 
by surgeon 
 
Biomaterials can be classified into three major groups based on their response in 
the host, which are bioinert, bioactive and biodegradable. The bioinert are 
considered to be inert in biological environment (Williams, 1999). Thus the 
materials should not cause any significant response with the host when 
implanted. However, in practice, totally inert materials do not exist. Thus it will 
be more appropriate to call this group as “nearly bioinert group”. Most of the 
bioinert materials are metal, but some ceramics and polymers are also included. 
The normal biological response to nearly bioinert materials is a thin and stable 
fibrous layer. Bioactive materials are materials that “show the ability to interact 
beneficially with the host or induce specific biological activity with the 
surrounding tissue in a specific application or function” (Williams, 1999). These 
materials are commonly ceramics and glasses. Biodegradable materials will 
breakdown in the body after a period of time and are then replaced by new 
tissue as they degrade (Williams, 1987). The materials in this group are mainly 
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polymers and certain calcium phosphate based ceramics or such as tricalcium 
phosphate (TCP) or glass. 
One of the main issues when dealing with biomaterials is biocompatibility since a 
metal implant can corrode or release ions in an in vivo environment (Williams, 
1982). It involves the acceptance of artificial implants by the surrounding tissue 
and by the body as a whole. In the early years of biomaterials development, 
biocompatibility meant that the materials should be totally inert in the 
biological environment, not provoke any abnormal inflammatory response, be 
non-toxic, non-carcinogenic, non-allergenic and not cause cancer.  However, 
since later research showed that no material is totally inert in the body, the 
view of the biocompatibility has become more complex.  In vivo studies suggest 
that most foreign materials are treated as harmful and provoke adverse reaction 
such as inflammation, fibrous tissue formation, infections and blood clotting 
(Huskins et al., 1999). In the past, for example materials such as vanadium steel, 
was chosen for its good mechanical properties, corroded rapidly in the body. 
Titanium is one of the most corrosion resistant metals but still traces of it found 
in tissues remote to where it has been implanted. This finding suggested that it 
does break down or degrade in some way in the body. Therefore, it is 
inappropriate to base biocompatibility on an inert response alone.  Therefore, 
Williams (1999) has defined biocompatibility as “as the ability of a material to 
perform with an appropriate host response in a specific application”. 
A different viewpoint was taken by Black (1992) using the term “biological 
performance” as the interaction between materials and living systems in 
defining biocompatibility. This interaction involves consideration of various host 
responses such as local and systematic responses, other than the intended 
therapeutic response, of the living systems to the material and the material’s 
response to the body. This is particularly crucial when evaluating the effect of 
degradation characteristics on biological performance of the degradable 
polymers. Several tissue responses have been identified in order to give a better 
understanding on how the host responds to implants (Dumitriu and Dumitriu, 
1994) such as immediate, intense inflammatory reaction, which may be aseptic, 
produced by rapid rejection of the implants, long term rejection after 
infiltration by mononucleic cells and macrophages, incomplete fibrous 
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encapsulation with cellular reaction or completed fibrous encapsulation without 
cellular reaction. In some cases, slow resorption by infiltration of giant cells or 
macrophages occurs. Lastly complete bioactivity that can be characterized by 
development of new functional cells, specific to the tissue in which the 
implantation took place.  
Thus, is crucial that polymers, particularly degradable ones undergo long-term 
biocompatibility testing to determine if the biological response is adequate to 
evaluate both the effect of the reaction in the surrounding tissues and in the 
polymer after implantation. 
Apart from that, many of the commercial bone substitute materials that have 
been developed incorporate calcium phosphates in their system for not just good 
biocompatibility, but to provide bioactivity, to promote osteoconductivity and at 
the same time was found to develop osteoinductive ability (Descamps et al., 
2008). Osteoinduction can be defined as the “undifferentiated mesemchymal 
cells were induced to differentiate into the osteogenic lineage, and ultimately 
to form new bone” occurring away from bone (Friedenstein, 1968; Wilson-
Hench, 1987).  Osteoconduction referring to process of bone growth on and 
across a surface.  Wilson-Hench (1987) suggested that osteoconductivity is a 
process by which bone is directed so as to conform to a material’s surface.  
2.2.1 Degradable Polymers 
Biodegradable polymers have been used in surgery for thousands of years, 
sutures made from gut are thought have been used as early as AD 175 (Parson, 
1985). Considering the rapid development in degradable polymeric biomaterial 
field, it is possible that in future, they may replace biostable biomaterials.  
Degradable polymers are normally used in applications where they are no longer 
required after the defect or fracture has healed. Their applications range from 
wound closing materials (suture), drug delivery systems, fracture fixation 
implants and degradable scaffolds. The “biodegradable” term is associated with 
materials that can be broken down either through hydrolytic mechanism without 
help of enzymes or with enzymatic mechanism. In the literature, terms have 
been used to indicate biodegradable such as absorbable, erodible and 
Chapter 2 Bone and Biomaterials  31 
 
resorbable. The shift of interest to this type of material is due to several 
advantages over non-biodegradable materials. One of the major advantages is 
there is no need for a second surgical operation to remove the implant once the 
fracture has healed. Secondly, biodegradable polymers should not display a 
permanent chronic reaction with the host tissue as the body gradually absorbs 
them during degradation process and then do not leave permanent residue. 
Third advantage is they also can trigger tissue regeneration, often achieved by 
incorporating bioactive fillers with degradable polymer.  In addition, as the 
material degrades gradually, a gradual transfer between the implant and tissue 
is possible thus preventing from stress shielding from occur. 
2.2.1.1 Classes of degradable polymer 
Degradable polymer can be grouped into natural and synthetic polymers groups 
(Table  2.3). Natural polymers are usually derived from renewable resources, 
such as plant, animal and micro-organism. Synthetic polymers are normally 
manufactured from petrochemical resources.  
Table  2.3 Classes of degradable polymers (adapted from Vert and Guérin, 1991) 
 
Synthetic 
 
Natural 
Polypeptides 
Polydesipeptides 
Nylon-2/nylon-6-copolyamides 
Aliphatic polyesters: 
Poly(glycolic acid) (PGA) and its 
copolymers 
Poly(lactic acid)(PLA) and its copolymer 
and stereocopolymers 
Poly(alkylene succinates) 
Poly(alkaline oxalates) 
Poly(hydroxybutyrate)(PHB) 
Poly(butylene diglycolate) 
Poly(ε-caprolactone)(PCL)and its 
copolymers 
Poly(dioxannone) and its copolymers 
Poly(amino trizoles) 
Poly(dihydropyrans) 
Poly(phosphazenes) 
Poly(ortho esters) 
Poly(cyno acrylates) 
Modified polysaccharides 
      (cellulose, starch, chitin etc.) 
Modified proteins 
      (collagen, fibrin, PHB etc.) 
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Poly(α-hydroxy acids), such as poly (lactic acid) (PLA), poly(glycolic acid) (PGA) 
and their copolymers are the most extensively used synthetic polymers, from as 
early as 1960’s. The earliest applications were mostly for wound closure such as 
sutures. Nowadays, they are used ranges from large implants, to nano size drug 
delivery devices and porous tissue engineering (Middleton and Tipton, 2000; 
Vert, 2005; Nair and Laurecin, 2007). PLA can be produced through ring opening 
polymerization of the cyclic lactide diesters, usually producing polymers with 
high molecular weight and excellent mechanical properties. The second route is 
via condensation process of lactic acids (Hyon et al., 1997). PLA exist in three 
stereoisomers, which is the L and D forms, and racemic mixtures of L/D. Poly (L-
lactic acid) (PLLA), is a semi-crystalline polymer with glass transition point 
usually between 57 and 67°C and melting temperature of 184°C. Poly (L/D-lactic 
acid)(PLDLA) exists in amorphous phases due to irregularity of the polymer side 
group and its melting and glass transition temperature vastly depend on the L:D 
(Rokkanen et al., 2000a; Lu et al., 2003; Gupta et al., 2007). Details of PLA are 
discussed further in Section 2.2.1.2. 
2.2.1.2 Polylactic Acid 
Polylactic (PLA) is among the most commonly used synthetic bioabsorbable 
polymer. PLA is a linear polymer with thermoplastic characteristic and has a 
pale-coloured appearance (Törmälä et al. 1998). The basic chemical structure of 
PLA is shown in Figure  2.3. 
 
Figure  2.3 Chemical structure of PLA (n= central repeat unit)  
(from Garlotta, 2001) 
Polylactic acid can be produced using two major processing routes which are by 
ring opening polymerization and polycondensation of lactic acid. Ring-opening 
polymerization of lactide cyclic diesters is an efficient method for producing 
high molecular weight PLA. The second route is solvent based polycondensation 
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process. Polycondensation process is carried out under high vacuum and high 
temperature using a solvent to extract the water produced during the 
polymerisation (Dartee et al., 2000). During this stage, the lactic acid undergoes 
distillation at reduced pressure for 2 to 3 hours at 130°C, which removes most of 
the condensation water. A schematic of PLA production is shown in Figure  2.4 
 
Figure  2.4 Polymerization of PLA  
(Jacobsen et al., 1999; Linnemann et al., 2003) 
The stereochemistry of PLA is complex as it consists of chiral carbon enabling it 
to exist in three stereoisomeric forms, L and D and racemic mixture of L/D. 
Poly-L-lactides are more commonly used compared to poly-D-lactide for implants 
because the L-monomer is naturally present in the isomer (Nair and Laurencin, 
2007). Poly-L-lactide also considered as an ideal material for load bearing 
applications in medical field as it has good mechanical properties. PLA is also 
more hydrophobic in comparison to other aliphatic polyesters such as PGA, due 
to present of methyl group in their molecular structure. Therefore, their water 
absorption and degradation rate is slower than PGA (Maurus and Kaeding, 2004; 
Nair and Laurencin, 2007).  
PLA with racemic D/L has random or alternating arrangement of CH3 and 
hydrogen (H) groups. This prevents the chains from packing together resulting in 
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amorphous structure, thus leads to lower strength and faster degradation period 
normally around 9-12 months (Borden, 2006). This behaviour makes it useful to 
use in drug delivery applications (Kohn and Langer, 2004; Nair and Laurencin, 
2007).  
Copolymers of L-lactide with D-lactide or DL-lactide also have been intensively 
examined. The addition of the D-isomer was observed decreased the crystallinity 
of the polymer, thus altering the degradation rate of the material. The 
properties of PLA and it copolymers can be affected by other factors such as 
molecular weight and polydispersity, degree of chain orientation, polymerization 
method, porosity, shape and size of the implant  etc (Törmälä et al., 1998; 
Rezwan et al., 2006; Cotton et al., 2008).  
2.2.1.3 Degradation of polylactic acid 
When implanted in the body, bioabsorbable prostheses usually retain their 
integrity for certain amount of time, after that they gradually degrade until they 
are totally absorbed by the body and are excreted. The degradation processes 
are complex. There are many factors that can influence the process such as 
chemical structure, molecular weight and distribution of the polymer, presence 
of residual monomer, crystallinity, pH etc can affect the degradation kinetics 
(Li, 1999; Rezwan et al., 2006, Avérous, 2008). The predominant mechanism for 
PLA is hydrolysis (Figure  2.5), it is thought to be because they contained long 
carbon-oxygen-carbon (C-O-C) chain in their chemical structure. Initially, the 
samples are homogenous and upon contact water, the C-O-C bond starts to react 
by absorbing water, causing hydrolysis of the ester bonds (Borden, 2006), and 
the long molecular chains are broken into shorter ones, resulting in reduction of 
molecular weight. As the hydrolysis process continues, sufficient molecular 
chains have been broken to affect the mechanical properties principally 
mechanical strength, thus allowing mechanical fragmentation which initiates 
absorption of the implant followed by major mass loss.  
The actual mass loss of the polymer is due to release of degradation by-
products, and phagocytosis by macrophages and histiocytes. The lactic acid by-
product when combined with oxygen, is then transformed into pyruvic acid, 
which is later excreted from the system through the Kerbs cycle as carbon 
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dioxide (CO2) and water and expelled from body through respiration and urine 
(Ambrose and Clanton, 2004; An et al., 2000; Behravesh et al., 1999; Hughes, 
2006; Losken et al., 2008; Middleton and Tipton, 2000, Raikin and Ching, 2005). 
 
Figure  2.5 The hydrolytic degradation of PLA polymers 
(from Suuronen et al., 1993; An et al., 2000) 
 
Semi-crystalline polymer hydrolysis and degradation occurs in two stages.  In the 
first stage, upon contact with water, the amorphous region of the polymer is the 
first to react by absorbing water which then triggers random hydrolysis cleavage 
of ester bonds. This reduces the length of the polymer chains. As this only occurs 
in amorphous regions while crystalline regions are unaffected, the physical 
appearance of the polymer will remain unchanged. While the structure remains 
intact, molecular weight of the polymer usually starts to degrade as soon as 
hydrolysis begins. This follows with the second stage of hydrolytic degradation, 
normally occurring in the crystalline region. Breakdown of the structure bonds 
causes reduction in physical properties of the polymer, leading to rapid weight 
loss of the implants (Li, 1999; Middleton and Tinton, 2000). 
An autocatalysis effect is reported to be quite common during the degradation 
of PLA based material. This phenomenon known as heterogeneous degradation 
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(Li, 1999; Rezwan et al., 2006, Avérous, 2008).  Initially faster degradation is 
expected to occur at the sample surface due to the diffusion gradient of the 
water. With time, oligomers are formed throughout the polymer, however those 
that formed at the surface will easily diffuse away, but oligomers release from 
the centre of the samples is slow as they need to diffuse through the remaining 
of the polymer before they can be excreted. This creates high concentration of 
carboxylic acid end groups in the centre of the samples, which then catalyze 
degradation and cause a higher rate of degradation inside polymer, compared to 
on the surface. As degradation progresses, while the component surface thins, 
the centre of the component becomes extremely viscous until the oligomers are 
able to penetrate through the surface leading to a burst release. Li et al. 
(1990a) studied degradation behaviour of PLA50 (50:50 of L: D ratio) immersed in 
saline solution. They reported that there was no reduction in mass or release of 
soluble product from the sample in the first 7 weeks of the immersion supporting 
the theory that the oligomers are trapped inside the sample.  
Reed and Gilding (1981) observed that reduction in the molecular weight 
indicated a first sign of degradation as the hydrolysis process splits the chemical 
bonds of the long chains into shorter chains. The rate was faster at the beginning 
of the degradation process and slows as hydrolysis ends (Bos et al., 1989a; 
Matsusue et al., 1992; Furukawa et al., 2000). The degradation of the 
mechanical properties was observed as occurred earlier than changes in the 
macroscopic appearance of the implant, followed by major decrease in mass and 
lastly ingestion of the polymeric debris by phagocytic cells (Pietrzak et al., 1997) 
The degradation behaviour of the PLA can be influenced by micro structural, 
macro structural and environment factors (Törmälä et al., 1998; Rezwan et al., 
2006; Cotton et al., 2008). Some of these are shown in Table  2.4 (Vert et al., 
1992).  
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Table  2.4 Factors influencing the degradation of biodegradable polymers  
(from Vert et al. 1992). 
Factors 
Chemical structure and composition 
Distribution of repeat units in multimers 
Presence of ionic groups 
Presence of unexpected units or chain defects 
Configurational structure 
Molecular weight and distribution (polydispersity) 
Presence of low molecular weight compounds (monomer, oligomers, solvents, 
iniators, drugs, etc.) 
Processing conditions 
Sterilizing process 
Morphology (amorphous vs. semicrystalline, presence of microstructures, 
presence of residual stresses) 
Annealing 
Storage history 
Site of implantation 
Adsorbed and absorbed compounds (water, lipids, ions, etc.) 
Physiochemical factors (shape and size changes, variations of diffusion 
coefficients, mechanical stresses, stress and solvent-induced crackings, etc.) 
Mechanism of hydrolysis (enzymes vs. water) 
 
Microstructural factors influence the degradation behaviour of polymers through 
many ways. The first contribution is polymer or copolymer chemical 
composition/monomer ratio, the second is crystallinity. The degradation usually 
slows down with increasing crystalline regions in the polymer. The third co-
factor is the present of residual monomer or oligomer content.  Hydrolytic 
degradation of the polymer usually increases with increasing content of acidic 
end groups. The initial molecular weight also can influence the degradation 
behaviour as it determines the length of the degradation process as higher 
molecular weight increases the time for total degradation. It has been often 
observed that filler addition can alter the degradation process, it can be 
accelerated or retarded depending on the type of filler material. Porosity is also 
reported to alter the degradation rate, as the pores will either to retard or 
accelerate the degradation process. Microstructural factors such as size and 
geometry of the implant may effect the degradation time as larger implants 
usually degrade slower than small implants as they have lower surface to volume 
area.  Surrounding environmental factors and moisture content may either slow 
or speed up the degradation, the moisture content may also affect the initiating 
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of acid end groups formation (Törmälä et al., 1998, Rezwan et al., 2006, Cotton 
et al., 2008). Properties also vary from batch to batch (Suuronen et al. 1992; 
Vert et al., 1992; Pistner et al., 1993b; Bergsma et al., 1995c; Aydin et al., 
2011). 
PLA with stereocopolymers of L-lactide with D- or DL-lactide are less crystalline 
than 100% PLLA, thus they degrade faster and the rate is dependant on their 
monomer ratios (Bergsma et al. 1995c, d).  Bergsma et al. (1995d) also showed 
that incorporation 4% D-lactide in PLA96 increased the degradation rate by a 
factor of two when implanted in rats. Results from in vitro degradation 
estimated that that degradation of this composite should take 2 to 3 years to 
complete fully (Pohjonen and Törmälä, 1996). Kallela et al. (1999c) later showed 
that when 3.5mm SR-PLA (70/30) screws were implanted in sheep, some cracks, 
clefts and fragmentation was observed after 24 weeks implantation, apart from 
that, the implants were morphologically unchanged.  
2.2.2 Bioactive Calcium Phosphates Ceramic 
The mineral component of bone is mainly calcium phosphate. Therefore, for the 
last twenty years, researchers tried to include calcium phosphate based 
bioceramics in  to produce implants for clinical application. Often different 
phases are chosen depending on the intended application either to produce a 
resorbable or permanent implant (Hench 1996, Hench 1998a, LeGeros 2008).  
There are two major calcium phosphates that have been used extensively in 
implants, are hydroxyapatite (HA) and tricalcium phosphate (TCP). HA has a 
Ca/P ratio of 1.67 with chemical formula of Ca10(PO4)6(OH)2. The chemical 
composition of TCP is Ca3(PO4)2 with Ca/P ratio of 1.5 (Kohri et al.1993; Rey et 
al. 2008). TCP usually present in four different forms such amorphous TCP (am-
TCP), apatitic TCP (ap-TCP), α-TCP and β-tricalcium phosphate which has been 
used in biomaterials (Table  2.5). Amorphous TCP and apatitic TCP are unstable 
phases and thermally transform at low temperatures. They are produced through 
precipitation processes. In contrast, α-TCP and β-TCP are high temperature 
stable crystalline phases, thus the use of TCP as biomaterial depends on the 
stability of the domains. Sintered ceramics can be only obtained from α- and β-
TCP (Rey et al., 2008). α-TCP has aroused same interest in the biomedical field 
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due to its quick resorption rate, stability in the temperature range 1180-1400°C 
while β-TCP is stable below 1180°C (Ryu et al., 2002).  
HA is the most stable phase  in the physiological environment and it has a low 
biodegradability, thus preventing bone ingrowth and bone bonding is achieved 
via chemical bonding at the interface only (Kivrak and Tas, 1998; Jarcho, 1981). 
At the same time, β-TCP is a slowly degrading bioresorbable bioceramic, which 
has been observed to have significant biological affinity and activity (Kalita et 
al., 2007; Fahami et al., 2012). β-TCPtcp is more resorbable in vivo and has a 
higher biodegradation rate than HA thus allowing new bone growth to replace 
the implanted TCP (Sanosh et al., 2010) and accelerate the formation of the new 
bone during fracture healing (Choi et al., 2007; Yamauchi et al., 2010). It been 
reported that the dissolution rate of β-TCP is 3-12 times faster than of HA (Fang 
et al., 1992). It has shown that β-TCP is often favoured for implant materials as 
it has good tissue compatibility, excellent mechanical strength as well as having 
the ability to form direct bonding to tissue to regenerate bone without any 
intermediate connective tissue (Choi et al., 2007).  
β-TCP based ceramics have been commercially used for bioresorbable synthetic 
bone substitutes by orthopaedic surgeons and dentists, in the form of porous 
ceramic pieces as well as granules. Generally, they are used in the 
reconstruction of wide range bone defects such as augmentation of alveolar 
ridge defects after tooth extraction and before implant positioning, sinus 
reconstruction (Szabo et la., 2005; Zijderveld et al., 2009; Lee et al., 2011), 
correction of various deformities (Le Huec et al., 1997; Nakagawa et al., 2006), 
and bone reconstruction following injury or disease (Ogose et al., 2006). Some of 
the applications of tricalcium phosphate in biomaterials are shown in Table  2.5. 
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Table  2.5 Tricalcium phosphates as biomaterials (adapted from Rey et al., 2008) 
Type of 
material 
Type of tricalcium 
phosphate 
involved  
Application  Main TCP-related 
effects 
Ceramics a- and b-TCP 
Bone substitute, 
small bone, 
replacement, tissue 
engineering 
Biodegradable  
Dissolution and 
hydrolysis (for a-TCP) 
a-TCP, am-TCP, 
ap-TCP (end 
product) 
Bone substitutes, 
Dental applications 
Active hardening agents 
Bioresorbable, surface 
activity 
Ca-P ionic 
cements 
 
b-TCP (brushite 
cements) 
 
Provider of Ca2+ and 
PO4
3- ions 
Coatings 
am-and ap-TCP, a- 
and b-TCP 
Coating of metallic 
prostheses  
Biodegradable, reactive 
coating 
Mineral-
organic 
composites 
am-TCP, a- and b-
TCP 
Bone replacement 
and bone 
substitutes 
Tissue engineering 
Dental restorative 
materials 
Mechanical properties, 
Ca and P release in 
relation with biological 
activity 
 
During in vivo studies, it showed that even though calcium phosphate implants 
degraded and were successfully replaced by normal bone tissue, the mechanical 
properties of the implants could be severely compromised during the 
remodelling process. This occurred as the biodegradation rate of TCP was too 
fast thus significantly weakened the load bearing capacity of the implant-bone 
system before new tissue could be formed. In order to slow down the rate of 
biodegradation, biphasic calcium phosphate (BCP) that is a mixture of HA and β-
TCP has been used (Daculsi, 1998). The solubility properties of BCP tend to be 
closer to either β-TCP or HA depending on the weight ratios of β-TCP/HA in the 
composite ceramics. Thus, it is possible to exploit their solubility behaviour by 
varying their composition (and by taking account both impurities and 
substitutions). 
As a general trend, the degradation rate of calcium phosphate is found to reduce 
in the following order: Tetracalcium phosphate >α-TCP > β-TCP >> HA > 
Fluoroapatite (FA) (Hench 1996; Hench 1998a; Oonishi and Oomamiuda 1998; 
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Koerten and van der Meulen, 1999; Huang and Best 2007; LeGeros 2008; Rey et 
al. 2008). 
Since the tricalcium phosphates have higher solubility, it was expected that they 
could degrade upon implantation and be replaced gradually by the new formed 
bone tissues. Thus β-TCP ceramics or HA/β-TCP composite has been extensively 
studied to overcome the low resorption of HA (Kivrak et al., 1998) and also been 
used as starting materials for synthesizing calcium phosphate bone cement 
(Bohner and Lemaitre, 1996). 
 
2.2.2.1 Degradation of calcium phosphate 
It has been generally observed that calcium phosphate resorption or 
biodegradation behaviour, including tricalcium phosphate is caused by three 
processes. The first factor is physiochemical dissolution, which largely depend 
on the pH of the surrounding environment. Secondly, physical disintegration into 
small particles and lastly biological factors, such as phagocytosis (Hench, 1996; 
LeGeros, 2008).  
During the implantation period in living tissue, TCP interacts with body fluids to 
form HA as follows (Cao and Hench 1996; Hench 1996; Oonishi and Oomamiuda, 
1998): 
4Ca3(PO4)2 (solid) + 2H2O→ Ca10(PO4)6(OH)2 (surface) + 2Ca
2+ + 2HPO4
2-  
 Equation  2.1 
 
TCP implant degradation rate depends on many factors such as TCP dissolution 
rates, as well as structural and microstructural parameters (crystal size, grain 
size and porosity of the ceramics) (Varma and Sureshbabu, 2001). Thus 
tricalcium phosphate powder degrades faster than dense solids. The crystallinity 
of the compound also alters the degradation behaviour as increases in 
crystallinity and crystal grain size decrease the degradation rate. Furthermore, 
the degradation rate of the TCP can be altered by using biphasic calcium 
phosphates (BCP). The ratios of HA/β-TCP in the BCP bioceramics can be 
modified. The effective rate of degradation can be altered by reducing the β-
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TCP content in the BCP bioceramics compound, as the lower β-TCP content, the 
slower the dissolution rate(Huang and Best, 2007; LeGeros, 2008).  
α-TCP has the structure of a metastable anhydrous phase. While it has same 
composition, α-TCP has different crystal structure and a higher specific energy 
than β-TCP.  As a result, it has higher solubility rate (Dorozhkin et al., 2002) and 
is faster resorbed in vivo (Yamada et al., 2007). However, the correlation 
between dissolution rate and resorption rate do not always following the same 
trend. In vivo studies showed that sometimes, it possible to have similar 
degradation rate between the α and β phases of tricalcium phosphate (Merten et 
al., 2001; Wiltfang et al., 2002).  
Several authors (Wu et al.,1992; Basle et al.,1993) suggested that TCP resorption 
can be observed through two mechanisms: (i) classical degradation mechanism 
which is involving the attachment of osteoclast-like cells (TRAP positive) to the 
ceramic surface, creating resorption pits and (ii) debris disaggregation and 
phagocytosis caused by multinucleated giant cells (TRAP negative). Thus, this 
suggests that the degradation of the ceramic heavily depended on its nature and 
sintering conditions. 
The relationship between TCP ceramics and the formation of bone tissue seem 
to be more complex. Numerous studies have considered the in vivo formation of 
the bone tissue, degradation and resorption of TCP (Koerten and van der Meulen 
1999; Merten et al. 2001; Yuan et al., 2001; Wiltfang et al., 2002; Kondo et al., 
2005; Ogose et al., 2006; Walsh et al., 2008) together with the clinical 
publications on β-TCP as a potential bone substitute materials (Galois et al. 
2002, Ogose et al.2006). Bone formation is generally observed on the contact 
surface of the degraded α-TCP and β-TCP samples (Kihara et al., 2006), however 
other observations, such bone formation at a distance from the ceramic surface 
has also been reported (Neo et al., 1998; Yamauchi et al., 2010).  
Osteoconductivity of α-TCP and β-TCP was observed by Yuan and colleagues 
(2001) in an in vivo study in dogs. They reported that with β-TCP samples, 
osteoconductive activity were present in the soft tissues of the dogs indicating 
bone formation while it was not seen in α-TCP samples. This probably due higher 
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dissolution rate of α-TCP, this was resulting in extensive production of Ca2+ and 
PO4
3- ions and eventually leads to changes in the local pH. This acidic 
environment prevents cells from growing and retards bone formation. However, 
other authors have reached different conclusions (Wiltfang et al., 2002), using a 
cancellous bone defect in minipigs, they concluded that α-TCP and β-TCP could 
be classified as bone rebuilding materials. Later, Kondo et al. (2005) reported 
that highly purified β-TCP implanted in rat femoral condyles lead to bone 
conduction followed by bioresorption of the implant. The process continued and 
eventually the new bone replaced the majority of the β-TCP implants. This 
observation further suggested that β-TCP not only biocompatible but also a 
resorbable bioceramic. Koerten and van der Meulen (1999) concluded that while 
degradation may occur in bioceramics such β-TCP, HA and FA, the rate however 
depends on what type of the bioceramics used. When comparing in vitro and in 
vivo studies, their findings confirmed that β-TCP degrades faster than HA and FA 
under both conditions.  
2.2.3 Composite Biomaterials 
The ideal composite material should be acceptable for use in the environment 
and function requirements of the final device. Composite materials are defined 
as consisting two or more materials where their physicality can be clearly 
distinguished at macro levels and are mechanically separable. It is usually 
produced by mixing two different kinds of materials and their dispersion in one 
another can be tailored to control to achieve optimum properties. Composite 
materials usually will have superior and specific properties compare to the 
original individual components (Hull, 1981). 
Composite materials, due to their superior properties have advantages over 
homogeneous materials. One of their main advantages is that the mechanical, 
biological and physiological properties can be designed to suit the requirements 
of the applications better than with the individual materials (Reinhart and 
Clements, 1987) 
The materials requirements for composites for biomedical applications include 
all the usual mechanical property requirements for general engineering 
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composites of stiffness, strength, toughness, and so on. However, the most 
important of all is the material must be biocompatible. Additionally, it is also 
desirable to be bioactive in order to provide advantageous fixation stability and 
bone tissue growth (Williams, 1999; Lakes, 2003; Anderson, 2004) 
In general, composite materials consist of matrix and reinforcing phases. They 
can be composed through many ways and the materials can be selected from any 
established classes of materials such as metals, ceramics and polymers or in 
many cases from the same type. In composites, the matrix appears in the form 
of the continuous phase and usually confers the overall form of the composite. 
The reinforcement phase is usually stiffer than the matrix and can be 
distinguished in the composite in the in form of a dispersed phase. The area 
where the matrix and reinforce materials connect is known as the interface 
(Daniel and Ishai, 1994; de Santis et al., 2009).  
Lakes (2003) suggested that classification of composites could be described 
through shape of the reinforcement such as particles (with no long short 
dimension), fibres (one long dimension) or the platelet or lamina (with two long 
dimensions). Apart from that, composite also can be classified according to their 
matrix based that being used. Thus, composite can be classified as metal matrix 
composite (MMC), ceramic matrix composite (CMC) and polymer matrix 
composite (PMC) (Hull and Clyne, 1996). Most biomedical composites are PMC. 
As the composite consists of two or more different phases of material, they have 
different roles to fulfil depending on the type of materials and their intended 
use. For the low and medium performance applications, the main load-bearing 
mechanical properties are based on the matrix while the reinforcement only 
stiffens and strengthens the composite and the geometry of reinforcement 
materials is often in form of particles or short fibres. However, in the case of 
high performance structural composites, the main load bearing is typically 
supported by the reinforcing phase. Normally continuous fibres are used 
providing the stiffness and strength of the composite parallel to the direction of 
the fibres used. The matrix contributes by providing support and protection to 
the fibres and helping in transferring local stresses (Daniel and Ishai, 1994). 
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As composites are designed with a certain application in mind, their 
compositions are often tailored to suit this purpose. Therefore, a clear 
understanding of the relationship between the structure and properties is 
crucial. In many cases, their relationship is complex thus the prediction of the 
resultant mechanical properties is often challenging. However, for some 
structure, the prediction of the properties is relatively simple by using rule of 
mixtures 
Ecomposite =EfVf+Em(1-Vf ) 
Equation  2.2
 
Where Ecomposite is the modulus of composite, Ef  and Em are the moduli of the 
reinforcement materials and matrix respectively and Vf is the volume fraction of 
reinforcing phase (Lakes 2003; Hull and Clyne,1996; Callister, 2000).  
The rule of mixtures stated that composite property is a resulted from a 
weighted mean between the properties of the two components, depending only 
on the volume fraction of the reinforcing phase (Hull and Clyne, 1996). The rule 
of mixtures assumes that the stress through the material is constant. The other 
assumption is the strain is constant and leads to Equation 2.3: 
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  Equation  2.3 
 
All models fit between these two bounds. In practice, it is not that simple and 
thus more powerful micromechanics theories are called for, which lead to more 
complicated mathematical calculations (Daniel and Ishai, 1994; Hull and Clyne, 
1996; Lakes, 2003) 
In the mean time, improving the matrix-reinforcement interface bond strength 
could enhance the properties of composite as composite failure tends to occur 
at the interface. Therefore, should that interfacial bond be strong enough, it 
should be able to stand higher loads (Hull and Clyne, 1996). In order to increase 
the interface bonding, the wettability properties between matrix materials with 
reinforcing phase is crucial. At the same time, the wettability of those two 
constituents’ surfaces depends on hydrophobicity or polarity of the 
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reinforcement and the type of polar groups of the matrix material. Increasing 
chemical interactions in the interface will lead to better bonding. The 
mechanical strength can be further increased with the use of certain coatings or 
coupling agents or surface treatment such as silane coupling agents  which react 
with both matrix and fibre surface. They are widely used in glass fibre 
reinforced PMC (Hull and Clyne, 1996). Additionally, interface bonding can also 
be increase via mechanical interlocking between the matrices and reinforcing 
phases. However these bonding agents are chemically highly active and their 
biocompatibility has not been assessed so they are rarely, if ever, used in 
biomaterial applications (Tanner, 2012). 
In the current applications, the major uses of hard tissue implants are as joint 
replacement to treat problems such as osteoarthritis, fracture fixation, filling of 
bony defects, such as after a tumour has been removed, and, the newest 
application, tissue engineering (Williams, 1999; Anderson, 2004, Mustafa and 
Tanner, 2012). As human bones are very complex composite structures, 
composites are a clear choice of replacement materials that potentially able to 
mimic the structure and properties to use in bone repair. Tanner (2010) 
summarized that the main reasons for using composites is because the 
mechanical properties of the prosthesis can be tailored to be comparable with 
bone tissue. The stiffness of the implant needs be similar to that of natural 
bone, however only few materials have been published to have stiffness close to 
those of cortical bones. Secondly, the initial strength of the prosthesis needs to 
be higher than bone. Thirdly, by using composite technology, the biological 
properties can be tailored according to the applications. Implant materials 
should allow new bone tissue to grow on the surface thus creating a strong 
biological attachment between the implant and the bone tissue. The fourth 
reason is the capability of the composite to biodegrade. As the degradation 
process occurs gradually while the damaged bone tissue is healing, it allows the 
gradual transfer of load bearing from the prosthesis to the bone. 
As discussed before, bioceramics may have the potential to optimize the bone 
repair process as some of them reported able to display osteoconductive 
behaviour and excellent bone bonding properties, they nevertheless are brittle 
ceramics. Combining bioactive bioceramics with polymers should produce 
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superior composites, which not only have comparable mechanical properties, 
but are also able to facilitate bone tissue healing. This idea has encouraged 
many research groups to study the possibility to composite bioceramics with 
polymers in order to produce composites that are not only mechanically strong 
but also have the capability to encourage bone bonding. 
One of the earliest clinical applications of composite material was by 
incorporating carbon-fibre-reinforced epoxy (CFRE) as fracture fixation plates 
for forearm bone (Hastings, 1978; Bradley et al., 1980; Ali et al., 1990). Carbon-
fibre-reinforced epoxy is not only extremely strong, but also lightweight, with 
modulus close to natural bone and biocompatible to use in human body. The 
composite is radiolucent, thus inspection of  the bone healing under the implant 
using X-rays is possible (Saringer et al., 2002). Patients were reported able to 
use their arms earlier when compared to patients treated using metallic 
prosthesis. The composite was also reported used in bone repair defects in the 
skull (Al-Shawi et al., 2002). However, while carbon fibre reinforced epoxy 
shows good compatibility with host tissue; the drawback of this composite that it 
difficult to bend in the operating theatre thus restricted the applications for 
fixation in straight bone such as forearm and as preformed shapes in skull 
applications. 
Bonfield and colleagues have taken a different approached in designing new 
combination of biomaterials by adopting the ‘bone-analog’ concept, which is to 
produce replacement materials using similar initial components to bone to 
produce materials that have similar mechanical and biological properties to the 
natural bone thus being modulus matched and bioactive. They developed high-
density polyethylene (HDPE) reinforced with hydroxyapatite (HA). HA was shown 
to stiffen PE, and PE to toughen the composite. Additionally, because HA 
resembles bone mineral, natural bone will grow onto HA. At 40 vol.% HA, the 
composite stiffness increased from 0.94 to 4.29 GPa (Bonfield et al., 1981; Wang 
et al., 1994). The first clinical application as orbital floor implants reported 
good biological responses (Downes et al., 1991; Tanner et al., 1994). 
Furthermore, HAPEXTM, the commercial name for the 40 vol.% HA-HDPE 
composite, was used as the shaft of middle ear implants. The study reported the 
implant to have bone-bonding ability thus increasing the long-term stability 
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especially at the implant-bone interface (Goldenberg and Driver, 2000). 
However, HA/PE composite is a biostable composite, it does not degrade over 
time, maintaining constant mechanical properties in physiological solution. In 
addition, HA/PE composite has been found to provide a favourable environment 
for human osteoblast-like cell attachment (Huang et al. 1997a).   
The encouraging results from the HA filled PE composite has motivated 
researchers to study other osteoconductive composites using the same basis of 
bioactive ceramics polymer composites.  Other bioactive fillers have been 
studied such as bioactive glass to get stronger bone-implant bonding. Faster 
formation of apatite layer formation was observed formed on Bioglass® /PE 
sample surface compared to HA/PE composite suggesting better bioactivity 
occurred. However, while the mechanical properties of HA/PE remained 
constant when immersed in an aqueous environment, the Bioglass/PE composite 
properties were reduced (Huang et al., 1997b; Wang, 2003). 
 
2.2.3.1 Degradable Polymer- Ceramic Composite  
Nowdays, it is common to produce degradable polymer composites by 
incorporating bioactive materials such as bioactive glasses or calcium phosphates 
into polylactide matrices. 
Bioabsorbable bone implants are especially advantageous as their degradation 
can be controlled and replaced by host tissue once the bone healed (Laurencin 
and Lu, 2000). The degradation behaviour of the polymer can be influenced by 
many factors. Thus, adding a bioceramic phase, among other possibilities, can 
alter the properties and degradation behaviour of the bioabsorbable polymer 
matrix. 
Li et al. (2005) also reported delayed degradation of the matrix polymer of 
porous composite scaffolds of polyhydroxybutyrate-polyhydroxyvalerate (PHBV) 
with sol-gel derived bioactive glass. The porous composites with 0-20 wt.% of 
bioactive glass were produced using compression moulding, thermal processing 
and salt particulate leaching techniques. The in vitro study revealed that with 
increasing glass content, water absorption was increased, lead to increases in 
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weight loss thought to be due to a buffering effect. The molecular weight 
reduction of the bioactive filled composite was slower than in the unfilled 
samples. Bioactivity was also observed with the presence of the hydroxyapatite 
formation on the surface of Bioglass® filled samples. The results further confirm 
the possibility to modify the degradation rate of the scaffold by incorporation of 
bioactive glass in polymer. 
Zhou et al. (2007, 2009) used a solvent evaporation technique to manufacture 
10wt% bioactive glass in poly-L-lactide composite membranes. Degradation 
testing was performed in phosphate buffer saline (PBS), showing overall 
degradation in terms of decreased mechanical properties, mass and molecular 
weight losses.  This was thought due to the buffering effect of by the bioactive 
glass (Zhou et al., 2009). Additionally, it was observed that in the solvent 
evaporated composite samples, the matrix polymer was covered by the bioactive 
glass particles thus hindering contact with the PBS solution. It has been widely 
reported that the addition of bioactive glass or ceramics could delay the 
degradation process due to neutralization of acidic build up in immersion 
solution during degradation process (Kikuchi et al. 2002; Maquet et al. 2002; Li 
and Chang, 2005; Zhou et al. 2009). As bioactive glass degrades, it creates an 
alkaline environment in response to surrounding fluids thus slowing down the 
degradation rate. 
Contrary to this, Rich et al. (2002) reported the opposite results when adding 40, 
60 and 70 wt.% of bioactive glass (S53P4) filler particles (particles size of less 
than 45µm and 90-135µm) in poly (ε-caprolactone-co-DL-lactide) matrix. They 
reported that the degradation appeared to be increased in the filled composite 
compared to the unfilled polymer. Possible explanation for this phenomenon is 
water absorption usually increased with increase interface surface area/sample 
volume ratio, thus composite with smaller particles size absorbed more water 
compared to the larger particles. Apart from that, higher filler content, 
increased the surface/volume ratio thus the faster formation of Ca-P on the 
sample surfaces (Jakkola et al., 2004; Rich et al., 2002). 
Furukawa et al. (1998, 2000) reported that 40 wt.% HA in PLLA matrix composite 
had a significantly greater affinity for bone when compared with unfilled PLLA. 
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Furthermore, when tested after eight weeks implantation in vivo, Yusunaga and 
colleges (1999) reported that the bonding strength between bone and PLLA 
implants containing 0-50 wt.% HA increased with increasing of HA content. 
Similar effects have been reported could be achieved by plasma spraying an HA 
coating onto PLLA (Verheyen et al., 1993). Hydroxyapatite has also been 
observed to slow down the degradation of the bioabsorbable polymers by 
forming a hydrolysis barrier (Verheyen et al., 1993, Van der Meer et al., 1996; 
Guo et al., 1998) or vice versa (Li and Chang, 2005). 
Increasing in the calcium phosphate filler content reduced the degradation rate, 
when 30 and 50 wt.% of bioactive filler (HA) was added into PLLA polymer in 
comparison to the unfilled polymer (Verheyen et al. 1992). They reported that 
the mechanical properties of the composite increased with filler and was 
maximum when 30 wt.% HA was added to the PLLA. They also reported that the 
mechanical strength in the unfilled composite reduced faster than those of the 
filled composites. Similar to this finding, Shikinami and Okuno (1999) observed 
that the degradation rate of a similar composite reduced with increases in HA 
content. They reported that heterogenous degradation was observed in 20 wt.% 
HA filled composite. However, when the filler content increased more than 30 
wt.%, the composite underwent homogenous degradation due to faster water 
permeation. Apart from HA, incorporating tricalcium phosphate (TCP), either α-
tricalcium phosphate (α-TCP) or β-tricalcium phosphate (β-TCP) and in the 
polymeric degradable matrix was been reported to slow down or to accelerate 
the degradation rate of the composite.  
Heidemann et al. (2001) studied in vivo degradation of PLDLA implants filled 
with TCP or calcium hydrogen phosphate (CHP). They reported that, after 72 
weeks implanted in the dorsal muscles of rats, the PLDLA rods totally degraded 
and showed only mild foreign body reactions. However, in the same study, they 
observed samples filled TCP or CHP particles of 2.2 µm average size had not 
been totally absorbed and that inflammation occurred at the implant site. They 
concluded that the inflammatory response may occurred due to the small size of 
the calcium phosphate particles used, which had become separated from the 
surface of the implants. 
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Kikuchi et al. (2002) investigated the effect of pH on the degradation rate and 
mechanical properties of β-TCP in copolymerized poly-L-lactide (CPLA) 
composite. Their findings indicated that the bioceramic filler further helped the 
composite in retaining its mechanical strength. The pH of the surrounding 
solution remained neutral during the entire in vitro immersion. This suggested 
that the dissolution of the TCP was providing a pH-buffering effect on the 
solution and thus slowing down the degradation process. Later, Kikuchi et al. 
(2004) reported that when poly (L-lactide-co-gylycolide-co-ε-caprolactone) 
(PLGC) was reinforced with β-TCP, an increased chemical interaction between 
the TCP surface and C=O bonds was achieved. Thus improved the mechanical 
strength of the β-tricalcium phosphate filled composite compared to the unfilled 
polymer. It was also observed that the degradation of molecular weight of filled 
samples was slower than the plain composite resulting in longer degradation 
time, which occurred after 24 weeks in comparison to 8 weeks in the plain 
polymer.  
Bernstein et al. (2010) successfully produced a strong bioresorbable 
nanocomposite of PCL- filled with 5 or 15 vol.% dense β-TCP. They reported that 
the composite not only had excellent compressive strength and ductility but also 
had good osteoconductive properties, and the dissolution rate was similar that 
reported by pure cold sintered β-TCP. 
Kobayashi and Sakamoto (2006, 2009) studied 5-14 wt.% β-tricalcium phosphate 
(β-TCP)/poly-L-lactide (PLLA) composites produced by injection moulding 
followed by a drawing process. Results for bending tests showed that with 
increasing β-TCP content, the strength decreased while the modulus increased.  
They also reported that over the first 8 weeks of immersion, the mechanical 
properties of the sample remained constant (Kobayashi and Sakamoto, 2006). 
The effect of pH level (7.4 and 6.4) on the mechanical properties concluded that 
the degradation rate and mechanical properties of the composite depended on 
β-TCP content. Samples with higher β-TCP content were found to degrade faster 
and with a lower pH level which thus speed up the degradation rate reducing the 
mechanical strength of the composite (Kobayashi and Sakamoto, 2009). 
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Claes et al. (1996) manufactured poly-L/DL-lactide pins for small bone fractures. 
These implants have initial bending strength of 155-163 MPa, sufficient for use in 
small bones. The degradation study also reported to match the healing progress 
of the natural bone tissue. Ignatius et al. (2001) improved the biocompatibility 
of the composite by adding 10-30 wt.% β-TCP to increase the biocompatibility of 
the pins. However, results showed that while biocompatibility was improved at 
the same time it altered the degradation rate thus compromising the mechanical 
properties of the composite in vitro. With the addition of β-TCP, the initial 
strength was reduced, and the reduction appeared to be faster in the filled 
composite in comparison to the unfilled samples. They also reported that, in 30 
wt.% of β-TCP, substantially increased water intake was observed, thus affecting 
the adhesion at the interface, which thought to explain the faster reduction of 
mechanical properties. They suggested that composite containing 10 wt.% β-TCP 
better suited fixation requirements than composite containing higher β-TCP 
content.  
Although α-TCP has a higher resorption rate than other calcium phosphates, it is 
still used in bioabsorbable polymers in order to provide better understanding of 
the effect of degradation process. Ehrenfried et al. (2008) studied PLGA filled 
with 0-40 wt.% α-TCP and reported that the mechanical properties were 
increased when α-TCP was added. The composition degradation rate also 
observed to be significantly slower due to success in pH buffering.  However, 
further investigation using micro-computed tomography (µ-CT) images revealed 
that all the PLGA samples were actually degrading faster inside the structure, 
which is normal for this type of polymer (Li et al., 1990b; Li, 1999). A long term 
in vivo study of α-TCP /PDLLA in a loaded sheep model by Ignatius et al. (2001) 
showed good results after 12 months implantation. However, after 24 months of 
implantation, the TCP was almost completely dissolved but there was adverse 
reaction to remaining PLA to the surrounding host.  
Aydin et al. (2011) produced PLLA composite reinforced with HA nanorods for 
PLLA-based bone plates to mimic the natural apatite shape in bone for load 
bearing application. They reported that the maximum mechanical strengths 
were obtained from 50% (w/w) amorphous HA nanoparticles. In vitro bioactivity 
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tests showed that the plate produced good cellular activity, at the same time the 
degradation rate was observed to increase with increasing HA content.  
 
2.2.3.2 Mechanical property and manufacturing of PLA based 
composite 
Törmälä et al. (1998) proposed that to ensure survival of the implant during the 
bone healing, the strength of the devices must exceed the strength of the bone. 
Traditional fabrication techniques such as extrusion, injection moulding and 
compression moulding normally produce composites with strengths inferior to 
those of cortical bone. Thus fibres were used in a polymer matrix composite to 
enhance the mechanical properties in addition to the particulate reinforcing. 
However, one of the major limitations of using fibres as a reinforcing element is 
the weak link of the fibre-matrix interface. Surface treatment can be applied to 
increase the wettability and interface bonding, however stronger bonding can be 
achieved if the both of phases are made from the same materials, as increased 
chemical bonding could form between the two constituents, this idea leads the 
development of self-reinforced (SR) composite. 
Self-reinforced bioabsorbable polymers were successfully produced in the early 
1980s. In this composite, highly orientated fibres are embedded in an all 
polymeric composite. The two phases have the same chemical composition 
creating an oriented, high strength structure. Self-reinforced structure can be 
produced in various methods, for example by mechanical deformation such as 
free drawing, oven drawing, zone annealing, die drawing, rolling, sintering, and 
fibrillation, often producing a composite with different kinds of microstructure. 
The concept of self-reinforced composites was first described by Capiati and 
Porter (1975). They suggested that the manufacture of self-reinforced 
composites depends on the differences in fibres and matrix’s melting 
temperature. Although they are same material, the matrix normally has lower 
molecular weight and crystallinity than the fibres, thus it is possible for the 
matrix to melt while the fibre just softened. In the same study, they successfully 
produced self-reinforced polyethylene (PE) by using PE fibres in molten PE 
matrix. They reported high shear strength was achieved from the composite, 
Chapter 2 Bone and Biomaterials  54 
 
which is in range of glass fibre reinforced polyester when subjected to pull out 
test. Morphology investigation showed that transcrystalline growth from the melt 
perpendicular to the fibre direction that might contribute high strength of the 
composite.  Later Lacroix et al. (1998, 1999) manufactured self-reinforced HDPE 
using solution impregnation and reported nucleation and epitaxial growth around 
the fibres that contributed to the high strength of the composite, reported to be 
1GPa in tensile testing.  
Hine et al. (2008) successfully adopted hot compaction and film stacking 
techniques to produce orientated fibres with and without interleaved film in 
polyethylene (PE) and polypropylene (PP) based composites (Figure  2.6) over a 
range of temperatures. They reported that eventhough the optimum compaction 
temperature was found to be 1°C below the melting temperature of the 
crystalline phase, the composite lost about 30% of the original orientated phase 
properties due to bonding structure together.  
 
Figure  2.6 Self-reinforced polyethylene based composite a woven cloth  
made from multifilament bundles; (b) permanganic etched image of compacted woven melt 
spun (from Hine et al., 2008) 
 
Huang (1998) showed that by using continuous extrusion to produce an 
orientated self reinforced HDPE composite, the tensile strength was substantially 
increased by factor of 8.  
In the field of degradable polymers, self reinforcing for absorbable composite 
based on either PLA (SR-PLA) and PGA (SR-PGA) has been intensively adopted 
and used since 1984 (Törmälä, 1992; Waris et al., 1994).  Törmälä et al. (1988) 
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has successfully developed a self-reinforced PLLA composite with higher strength 
than earlier non-reinforced degradable polymers for use in osteosynthesis 
devices (Figure  2.7). The composite was produced by subjected the fibres to a 
high temperature and pressure (Törmälä, 1992; Törmälä et al., 1998; Rokkanen 
et al., 2000). The process leads to more melting of other than the inner fibres 
but still allows the retention of some fibre orientation. 
 
Figure  2.7 Schematic illustration of self-reinforced composite  
consisting of matrix (m) reinforced with parallel reinforcing elements (f) (Adopted from 
Törmälä et al., 1991) 
 
Majola et al. (1992) successfully produced self-reinforced PLLA composite using 
sintering techniques at temperatures of 130-135°C for (PDLLA/PLLA rods) and 
162-174°C (PLLA rods). The fibres were initially produced by hot drawing and 
meltspinning techniques. They reported that the composite had initial bending 
and shear strengths of 250–271 MPa and 94–98 MPa respectively, which are 
significantly higher of those non-reinforced PLLA (145 MPa and 53 MPa 
respectively). In another study, Wright-Charlesworth et al. (2005) using hot 
compaction technique to produce highly orientated self reinforced PLA filled 
with HA. They also reported that SR composite has higher initial mechanical 
properties compare to non-reinforced composite. 
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The structure also can be prepared by starting from fibres followed by a 
controlled compression moulding. The heating process in the compression 
moulding were controlled so that just the surface of the fibres melt, enough to 
bond with the matrix and attach the fibres together, but not high enough to 
completely melt the fibres which can destroy the integrity of the fibres. The 
process parameters such as temperature, pressure and time are very important 
to maintain the reinforcing effect of the fibres (Hine et al. 1993). Several studies 
reported successfully produced self-reinforced bioabsorbable polymers using 
either or both of solid state die-drawing and compression moulding of the fibres 
(Niiranen and Törmälä, 1999; Kellomäki et al., 2000; Niiranen et al., 2004; Ella 
et al., 2005; Huttune et al., 2006, Frantzén et al., 2011). Figure  2.8 shows some 
of commercial bioabsorbable self-reinforced bone fracture fixation pins and 
screws available in the market. This self-reinforced biodegradable composite 
reported to have excellent mechanical properties and stiffness comparable to 
cortical bone (Table 2.6). The superior combination of the composite makes it 
an excellent starting point in the development of degradable bone fracture 
implant. Nowadays, bioabsorbable self-reinforced bone fracture fixation devices 
are in clinical use or in clinical research in more than 20 countries. The surgeon 
can select materials with tailored in vivo strengths retention that suit individual 
needs in fracture fixation application. 
Bleach et al. (2001, 2002) produced self-reinforced PLA composite by using pre-
impregnated sheet and compression moulding techniques. Prior to the 
compression moulding, the pre-impregnated sheet was produced by drawing PLA 
fibres through a suspension of biphasic calcium phosphate in PLA matrix solution 
using a pre-pregger machine. The concept of combining bioceramics with self-
reinforced composite in order to produce not only high strength and 
biocompatibility but also bioactivity had been tried earlier by Kellomäki et al. 
(1997). 
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Figure  2.8 Bioabsorbable self-reinforced bone fracture fixation pins and screws              
(from Waris et al., 2004) 
 
Table  2.6 Mechanical properties of the Self reinforced Polylactic Acid composite 
Authors  
(year) 
Materials Rod 
diameter 
(mm) 
Tensile 
strength 
(MPa) 
Bending 
strength 
(MPa)  
Bending 
modulus 
(GPa) 
Shear 
strength 
(MPa)  
Mustafa 
(2005) SR-PLLA 4 - 110 4 25 
Pohjonen 
1997 SR-PLLA Screw* 789 244 - 147 
Manninen and 
Pohjonen 
(1993) SR-PLA85   163-170 5-6 110-116 
Törmälä 
(1992) SR-PLLA 1.3 - 300 10 220 
Suuronen et 
al.(1992) SR-PLLA Screw* - 200 7 110 
Törmälä et 
al.(1990) SR-PLLA 1.4 560 360 - - 
Currey, 1998, 
Hench & 
Wilson, 1993 
Cortical 
bone  50-150 180-195 7-30 60-90 
*  thread diameter (4.5mm) core diameter (3.2mm) 
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2.3 FATIGUE OF MATERIALS 
2.3.1 Fatigue characterisation 
The simplest way to break a material, for example a metal bar is by bending it 
alternatively to the opposite sides.  Fatigue describes changes in the properties 
resulting from the application of cyclic loads. At the beginning of the industrial 
era, this phenomenon was investigated extensively due to failure of machine 
mechanisms after sequences of repeated loads each that were lower than their 
one time fracture load.   
The pioneer study on fatigue fractures of train axles was carried out by W. J. M. 
Rankine (1843) at the University of Glasgow where  he described the finding “It 
seems likely that fracture begins with the appearance of a small smooth crack of 
regular shape encircling the axle journal in the course of time, almost joining its 
ends, and penetrating into the bulk ... Then the area of the inner round core of 
the undamaged material becomes insufficient to withstand the impacts made 
upon the axle and it fails”   
During 1852-1869, Wöhler conducted a series of fatigue studies using rotating 
bending fatigue. He proposed the two fundamental laws of fatigue: 
1. Iron and steel may fracture under a stress not merely less than the 
static rupture stress, but also less than the elastic limit, if the 
application of the stress is repeated a sufficient numbers of times and 
2. Rupture will not take place if the range between the maximum and 
minimum stress levels is less than a certain limiting value regardless the 
number of cycles is repeated. 
 
In biomaterial applications, polymeric composites have been successfully used 
for hard tissue repair such as bone fracture fixation, bone plates, intramedullary 
nails, spine instrumentation, hip replacement and other. Daily activities such as 
standing, sitting, walking, jogging, stretching and expose the soft and hard 
tissue to experience repetitive stress that fluctuates with time (Black, 1992). 
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Fatigue fracture has been recognized as on one of the main causes of implant 
failure of medical devices (Teoh, 2000), thus provided a serious limitation if such 
composites are going to use for hard and soft tissue application. It is well known 
that for many potential clinical applications, the materials will be subjected to 
cyclic loads. For example, in the acetabulofemoral joint (hip joint), 0.5 to 2 
million cycles per annum are applied, varied with the patients’s age and activity 
(Wallbridge and Dowson, 1982), while roughly one million cycles per annum can 
be estimated for the finger joint (Unsworth et al., 1991). 
Wilson et al. (1992) reported that 4.1% of the failures of their cementless hip 
prostheses were due to fatigue failure after inappropriate heat treatment, while 
Charnley (1975) recorded that a 0.23% failure rate in 6500 hip replacements 
prosthesis was caused by fatigue failure.  
Figure  2.9 shows a typical fluctuating stress of cyclic loading. A fluctuating stress 
cycle normally consists of two components, a mean stress (σmean) and amplitude 
stress (σA). The stress range (∆σ) is the difference between maximum (σmax) and 
minimum (σmin) stresses in a cycle. The following variables define a given fatigue 
condition: 
Mean stress, 
σ mean =
1
2
(σ max +σ min )
  Equation  2.4 
 
Stress amplitude, 
σ A =
1
2
(σ max −σ min )
 Equation  2.5 
 
Stress range,
∆σ = (σ max −σ min )
 Equation  2.6 
 
The two ratios that normally used in describing fatigue data are the stress ratio 
(R) and amplitude ratio (A) as follows: 
Stress ratio, 
R = σ min
σ max  Equation  2.7 
 
 R
RA
mean
amplitute
+
−
==
1
1
 
σ
σ
ratio, Amplitude
 Equation  2.8 
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Figure  2.9 Typical fatigue stress cycles (adapted from Dieter, 1988) 
 
2.3.2 The S-N curve 
One common way to represent fatigue data is the S-N diagram (or Wöhler 
diagram), a plot of stress, S against the number of cycles to failure (N) on a 
logarithmic scale such as those showed in Figure  2.10. 
 
Figure  2.10 Typical stress-strain (S-N) curves showing 
(A) a material with an Endurance Limit and (B) a material with  no Endurance Limit 
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The value of stress used is usually the nominal stress either σA, σmax or σmin. 
Reducing the stress normally results in increasing cycles to failure. In some 
materials, the S-N curve flatten out eventually, the material can endure an 
infinite number of load cycles without failure. This is known as the endurance 
limit (σe). 
Experimental studies have shown that fatigue growth rate can be characterized 
by cyclic variation in the stress intensity factor (Paris law equation) (Paris, 
1962): 
da
dN
= A∆K m
  Equation  2.9 
 
  
Where ∆K, is stress intensity factor range during the load cycles, A and m are 
constants depending on the material, frequency, stress ratio, environmental 
condition (temperature, humidity) (Hertzberg and Mason, 1980). Figure  2.11 
shows a typical Paris plot for short glass filled polypropylene composites with 
three different short fibre filler contents (Pegoretti and Rico, 2000; 2002). 
 
Figure  2.11 Fatigue crack propagation of injected moulded polypropylene composite 
reinforced with 10, 20 and 30 wt% of short glass fibres (from Pegoretti and Rico, 2000). 
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2.3.3 Fatigue progress mechanisms 
The fatigue progress mechanisms in long fibre composites can be explain by the 
schematic illustration in Figure  2.12 This progressive mechanism has been 
supported by Gamstedt (2000) based on his study on the micro mechanisms of 
fatigue of PEEK and polypropylene fibre reinforced composites. He reported that 
the fatigue life depended heavily on the matrix and its interface as they control 
the failure progression. Initially the fibres fail, which then creates cracks, which 
then propagate into the surrounding matrix. The next phase of crack propagation 
is in the matrix parallel with the fibre direction, until eventually the individual 
cracks join leading to final failure.   
The effect of different types of matrix on fatigue damage in continuous fibre 
reinforced composite is illustrated in Figure  2.13. The material that has the 
stronger interface shows fewer fibre breaks and the crack usually grow across 
the fibre. In composites with weaker interfaces and prone to debonding 
propagation, more fibres break resulting to profuse debonding and longitudinal 
splits that eventually lead to failure. 
N=1 N= N0 N= N1 N=N2 N=Nf 
 
 
 
 
 
 
 
 
 
Stage 1: N=1 Distributed fibre breaks due to their strength distribution 
Stage 2: N= N0 
 
Debond growth from the fibre breaks, stress redistribution in 
load carrying fibre segment 
Stage 3: N= N1 
 
Longitudinal damage grows with further debonding; increase 
local stress additional breaks of overloaded fibres. This process 
is controlled by fibre–matrix interface. 
Stage 4: N=N2 
 
Longitudinal cracking continue by progressive debonding and 
fibre breakage, crack coalescence 
Stage 5: N=Nf Failure of specimen by separation 
Figure  2.12 Schematic illustration of fatigue damage development until final failure 
 in longitudinal composite, where damage initiates from individual fibre break from which 
longitudinal cracks or debond propagate (redrawn from Gamstedt, 2000) 
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CF/Epoxy CF/PEEK 
 
 
 
 
 
Figure  2.13 Schematic illustrations of fatigue damage states of unidirectional longitudinal 
carbon fibre reinforced plastics.  
Carbon fibre/epoxy show fewer fibres fractures from which matrix cracks have propagated in 
the transverse directions, CF/PEEK demonstrate more fibre fractures and abundant 
longitudinal cracking (redrawn from Gamstedt, 2000) 
 
Microscopy observation by Schadler et al. (1992) on the fatigue failure of a single 
carbon fibre in polycarbonate microcomposites reported that fibre strength 
dominated the early damage behaviour but after fibre failure, the damage 
growth was dependent on the matrix.  
In practice, the failure of structures is more common in compressive loaded 
regions compare to tensile regions. Hsiao et al. (1995) argue that precise 
compressive testing often difficult due to global buckling and the near grip zone 
failure shadowed the compressive failure of the composite itself.  The mechanics 
of compressive failure has been review by various authors (Fleck, 1997; Pruitt 
and Suresh, 1992).  
In compressive loading, while the stiffness of the fibre remains the same, with 
increased compressive loading, Poisson’s ratio effect generates transverse 
strains across the fibres that may initiate fibre kinking and buckling of the fibre.  
Kink band formation and propagation has been established as the primary failure 
compressive mechanism in limiting the strength of unidirectional fibre 
reinforced composites (Jelf and Fleck, 1992; Soutis and Fleck, 1990 and 
Budiansky, 1983).  
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In general, the initiation of kink bands is controlled by the o fibre-matrix 
interface.  Madhukar and Drzal (1992) investigated experimentally the link 
between fibre/matrix adhesion and the failure mode of unidirectional carbon 
fibre epoxy composite. They showed that the integrity of the matrix/fibre 
interfaces would determine how composites would fail in compression. They 
reported that while compressive modulus was affected only slightly by fibre 
surface treatment, the compressive strength and maximum strain however were 
highly sensitive. The obvious observation was the failure mode changed with 
increases in interfacial strength. The composite failed in delamination and 
global delamination buckling at the lowest interfacial strength (Figure  2.14a), at 
the same time induced Euler buckling thus reducing the compressive strength. In 
the intermediate interfacial strength composite, delamination was observed only 
at the specimen edges while reducing the end tab debonding. As load increased, 
local microbuckling of the fibre column occurred and propagated into the 
neighbouring columns, thus lead to final failure (Figure  2.14b). With increases in 
the interfacial strength, the composite failure mode changed to shear failure. 
While for the highest values of the interfacial shear, the specimen failed in 
yield, with stepped fracture surfaces, which indicated the compressive failure of 
the fibres in planes, perpendicular to the fibre axis (Figure  2.14c). This 
phenomenon occurred because the fibres can be compressively loaded to the 
maximum as a strong interface able to provide strong lateral support to the 
fibres without buckling thus further increasing the compressive strength. 
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Figure  2.14 Schematic of the major failure modes detected for the three types of 
graphite/epoxy composites with different strength fibre-matrix interface 
These failure modes are: (a) global delamination buckling (poor matrix-fibres interface), (b) 
local fibre microbuckling (intermediate fibre-matrix interfaces) and (c) fibre compressive 
failure (highest fibre-matrix interfaces) (from Madhukar and Drzal (1992) 
The failure mechanisms in cyclic loading are similar to those for tests to failure 
but at lower speed due to nature of the fatigue test. During compression 
loading, failure initiated once the fibres buckled, acted as initiation site for 
fatigue damage growth, which later caused the neighbouring fibres to buckle in 
successive manner to create kink bands during cyclic loading. A micrograph of 
the fatigue crack in a carbon fibre reinforced epoxy is shown in Figure  2.15. This 
finding were supported by Tai et al. (1995) who found similar wrinkled patterns 
on broken buckled fibres in compressive fatigue of carbon fibre/PEEK composite. 
The fracture surfaces showed two distinct regions of a tensile side and 
compression side, showing that the fibres had buckled. 
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Figure  2.15 Micrograph of a compressive fatigue crack in a unidirectional 0°carbon-fibre 
 reinforced plastic after 6000 cycles (from Pruitt and Suresh, 1992) showing the crack 
propagating across the fibres in the direction indicated by the arrow. 
 
 
2.3.4  Factors influencing fatigue behaviour 
When subjected to fatigue conditions, composite materials generally suffer from 
‘fatigue damage’ consisting of cycle-dependent reduction in internal integrity 
(Reifsnider, 1990). In composite materials, the fatigue behaviour mostly comes 
from matrix degradation rather than filler fracture, which is usually observed by 
the present of crack propagation in the matrix resulting in failure.  
Polymers are viscoelastic materials that are influenced by varying testing 
conditions. Some of the major factors that influence fatigue behaviour of the 
polymeric composites are discussed below: 
2.3.4.1 Test frequency 
Strain rate or load frequency is closely related to dissipation and heat generation 
in cyclic loading of thermoplastic composite. The energy dissipation per second 
(ö) is given by: 
2
.
),('' σpi TfJfE =
  Equation  2.10  
 
where f is the applied frequency and T is absolute temperature, σ is peak stress 
and J’’ is loss compliance, (Ferry, 1970). Ferry (1970) defines loss of compliance 
as ‘the strain 90° out of phase with the stress divided by the stresses’. It is a 
measurement of energy dissipated or lost as heat per cycle of sinusoidal often 
used to compare different system at the same stress level.   
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As most of the energy is dissipated in the form of heat, therefore, any increases 
in test frequency, will increase the temperature, stress amplitude and internal 
friction.  As the temperature rises, it will reduce the modulus and is often 
observed to lead to an increase of energy dissipated due to poor conductivity 
and high damping of the plastic material, which later can lead to thermal 
fatigue.  
Moore (1993) conducted a study to measure the effect of load frequency on 
fatigue lives for a quasi-isotropic carbon fibre/PEEK laminate loaded in cyclic 
tension at 0.5 and 5Hz. The results confirmed the suggestion that composites 
subjected to higher frequency loading have shorter fatigue lives when compared 
with lower frequency tests at the same applied stress. Moore also reported that 
the sample heated and matrix yielded at lower stresses when tested at higher 
frequency, this lead to the suggestion that in high stress regions, the 
temperature that accumulated might even exceed the material’s glass transition 
temperature.  
Another study on effect of loading frequency in fatigue live of carbon fibre/PEEK 
laminated was reported Xiao and Al-Hmouz (1998). The tests were carried out at 
1, 5 and 10 Hz at various stress levels (Figure  2.16) and compared the changes in 
hysteresis loss and temperature. They reported that at higher frequency, the 
fatigue lives were reduced considerably. Although, there were no particular 
relationship between the frequency and the mechanical loss (measured by area 
of the hysteresis loops), the temperature increased rapidly at higher frequency 
loading suggesting that heat generated from the test did not have sufficient time 
to dissipate at higher frequencies. 
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Figure  2.16 Stress-life data for laminated carbon fibre reinforced PEEK 
 in tensile fatigue at various frequencies (from Xiao and Al-Hmouz, 1998) 
 
However Lewis et al. (2003) reported different finding when comparing the 
influence of load frequency on the fatigue lives of acrylic bone cement tested at 
1 and 10 Hz. The fatigue lives increased with increasing of frequency thought to 
be because of viscoelastic structure of bone cement. As the frequency 
increased, the strain at initiating pores decreased, thus preventing or slowing 
down the crack initiation, which leads to increased of fatigue life.  
2.3.4.2 Effect of Crystallinity 
In general, crystalline polymers are more fatigue resistant than amorphous 
polymers because of their structure due to: 
• rigid crystalline phase that imbedded in amorphous phase acts as 
animpedance to crack propagation  
• fracture energy can be absorbed by crystallite deformation hence 
increasing the fatigue resistant properties.  
 
The crack propagation rates in amorphous polymers differ. Polystyrene (PS) and 
poly(methylmethacrylate) PMMA for example, craze in preference to shear 
yielding, giving higher fatigue crack propagation rates. On the other hand, 
polymers such poly(vinyl chloride) (PVC) and polycarbonate (PC) tend to fail by 
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shear yielding, necking and crazing, thus have slower crack propagation rates 
(Hertzberg et al., 1975). This difference in behaviour is thought to be due to 
increase chain flexibility, which aids more uniform stressing of the 
macromolecules under cyclic loading conditions. 
In another fatigue study of carbon fibre/PEEK composite, Folks et al. (1993) 
compared the hysteresis loss during cyclic loading with a dynamic mechanical 
thermal analyzer, in both slowing cooled and quenched samples reporting that 
the loss angles were higher for the later. Rapidly cooled samples had larger 
hysteresis loops, which would suggest that this material is more likely to 
experience adiabatic heating if the mechanical generated energy cannot transfer 
out. Heat and damage accumulation can accelerate failure progresses in fatigue 
testing.  They also concluded that samples that undergo rapid cooling have a 
weaker interface as confirmed by clean protruding fibres pull-out on the tensile 
fracture surface. On the other hand, slowly cooled composites are thought to 
have better interfacial bond as shown by their characteristic failure of more 
even and planar fracture surface with the fibres covered with more polymer 
residue. 
Curtis et al. (1991) reported that although rapidly cooled unidirectional 
longitudinal carbon fibre/PEEK laminates have shorter compression fatigue lives 
than those that had been cooled slowly from the processing temperature, there 
is no difference on fatigue performance in tensile loading of carbon fibre/PEEK 
angle-ply laminates for samples that undergo rapid or slow cooling from the 
processing temperature.  
Bureau et al. (2002) suggested that transcrystalline zone around the fibres are 
crucial to provide better resistant to the fatigue crack propagation. If the 
transition between transcrystalline regions to amorphous phase is distinct, then 
it is more likely that the crack will propagate along those interfaces. They 
discovered that the crack propagation rate is higher in unidirectional glass-fibre 
reinforced polypropylene samples that have distinct different morphological 
phases compared to smoother transitions between transcrystalline and 
amorphous phases (Figure  2.17). 
Chapter 2 Bone and Biomaterials  70 
 
  
(a) (b) 
 
Figure  2.17 Micrograph of glass-fibre reinforced polypropylene: 
 a) distinct interfaces between transcrystalline and amorphous zones resulted in rapid 
fatigue crack propagation, whereas (b) composite with a smoother phase transition gave 
higher resistance to fatigue crack propagation (Bureau et al. 2002) 
 
2.3.4.3 Temperature 
Test temperature can alter the fatigue life of polymeric composites. Andrews 
and Walker (1971) investigated the effect of the temperature on fatigue fracture 
of polyethylene at various temperatures ranging from 20 to 50°C and reported 
that the fatigue life of the polymer decreased approximately 20-25% for every 
10°C increase in test temperature. 
The decrease in fatigue properties probably due to changes of the materials 
viscoelastic state at the same time effecting their fracture toughness properties 
and chemical stability. Sauer and Richardson (1980) reported higher crack 
propagation rates due to lower stress values was observed in PMMA and 
polystyrene (PS) polymers when tested at higher temperatures. This finding is 
similar to a previous study of PS, when tested at series of temperature from 5°C 
to 75°C. It was reported that even with increasing the temperature, the S-N still 
maintained it general shape, the stress levels decreased and so were the fatigue 
lives of the material (Weaver and Beatty, 1978).  This finding were further 
confirmed by Johnson et al. (1989) whom reported that the fatigue lives of bone 
cement was further reduced when testing at 37°C in comparison to room 
temperature at 24°C. 
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Tang et al. (2000) studied effect of temperature on tension-compression fatigue 
study of vinyl ester/E-glass unidirectional fibre composite at 4, 30 and 60°C in 
salt water environment. They reported that while there is no significant 
difference between the fatigue life when tested at 30 and 60°C, the fatigue life 
of composite tested at 4 °C was significantly longer than that tested at 30°C.  
2.3.4.4 Liquid environment 
Implants once implanted in the body are subjected to degradation as they 
operate in a wet environment consisting of saline solution and at body 
temperature of 37°C. Hence, the long term properties of the polymeric implant 
can be affected by the degree of the degradation. Johnson et al. (1989), as 
mentioned previously, investigated the effect of the liquid environment on the 
fatigue behaviour of acrylic cement in saline. Their result showed that while 
maintaining the same temperature (24°C), the fatigue life of the bone cement 
increased in saline compared to in humid laboratory air. It was thought to be 
due to viscoelastic structure of the polymer and plasticizing effect of saline, 
which decreases the initiating crack strain and slows down the crack rate thus 
increasing the fatigue properties. 
Similar behaviour was reported by Nguyen et al. (1997) in their study on fatigue 
fracture of PMMA bone cement in Ringer’s solution. They found that PMMA had 
higher fatigue and increased fatigue resistance properties in Ringer’s solution 
compared to testing in air.  
2.3.4.5 Reinforcing Phases  
In polymeric composites, reinforcement is used to develop stiff and strong 
composites with enhanced mechanical properties and more often to reduce cost 
of the product. The most common reinforcements include rubber particles, glass 
spheres, ceramic fillers and fibres. Lang et al. (1984) discussed that toughening 
mechanisms in composites can be achieved through crack bridging, fibre pull-
out, kink-banding and shielding mechanisms. Ritchie (1988) proposed a model of 
the role of crack tip shielding mechanism on the crack growth rate regime. This 
finding showed that a process-zone shielding mechanism should able to change 
the slope, m in the Paris regime, but should not alter the crack growth 
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behaviour at near-threshold regime. Some of the zones shielding mechanisms are 
shown in Figure  2.18. 
 
  
Crack deflection Zone shielding:  
transformation toughening, 
microcrack toughening, crack 
wake plasticity , crack field 
void formation, residual stress 
fields 
Contact shielding: 
wedging, bridging, sliding, 
combination of wedging 
and sliding 
Figure  2.18  Schematic illustration of the mechanism of crack tip shielding: crack deflection, 
zone shielding and contact shielding (from Ritchie, 1988). 
 
This model was later confirmed experimentally by Azimi et al. (1996), who 
reported that addition of rubber particles decreases the slope, m, and retarded 
crack growth at high crack growth rates. At low values of stress intensity range 
(∆K), the crack growth was similar to those of non-reinforced blank resin. They 
argued that at low ∆K levels, the process zone shielding is small as the rubber 
was not highly stressed thus the crack growth is minimal. In contrast to this, at 
high ∆K levels, the process zone was observed to be larger than the size of the 
fillers, thus the rubber additions within this region are highly stressed. The 
rubber particle cavitations caused significant matrix plasticity thus reducing the 
crack propagation rate. At the same time, they also shown that addition of glass 
particles in the rubber-toughened blends enhanced the fatigue crack growth 
resistance obtained from interaction between the glass fillers at the crack tip 
and the plastic zone triggered by the rubber particles.    
Friedrich and Karsch (1981) observed that in the fatigue crack growth of glass 
filled polyamide 6.6, the cracks were prone to grow along the filler-matrix 
interface. The fracture surface showed adhesive failure indicating that better 
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interfacial efficiency would lead to reduction crack propagation in particulate 
composites. Further improvements in the fatigue and fracture toughness were 
achieved by incorporating short glass fibres or carbon fibres into PEEK injection 
moulding compound (Friedrich et al., 1986). In fibrous composites, crack 
propagation mechanisms are usually initiated by fibre pull-out. There is an 
optimum pull-out energy closely related to fibre length and interfacial adhesion 
(Kelly, 1970). Nevertheless, interfacial adhesion has a crucial effect on fatigue 
crack growth resistance in short fibre composites. 
Caprino (2003) reported that the fatigue damage in chopped-strand-reinforced 
thermosetting matrices is analogous to that of continuous fibre laminates. 
Damage starts in the form of interface cracking, which normally increases as the 
cycles progress, which leads to reduction in the residual mechanical properties 
and finally fatigue failure. Damage commonly results from matrix cracking 
and/or debonding of the fibre-matrix. In short fibre reinforced thermoplastics 
produced by injection moulding, there are various fatigue damage mechanisms, 
which can be observed depending on the matrices and the composite 
microstructure characteristic. For ductile matrices, matrix yielding or fibre-
matrix debonding may occur. For brittle matrices, damage normally arises from 
micro cracks or crazing, commonly occur around transversely oriented fibres.  
Karger-Kocsis and Friedrich (1988) investigated the influence of fibre length in 
short-fibre reinforced polyamide 6.6. They reported that a low crack growth rate 
was observed in long glass fibre, moderate in short fibre composites and fastest 
in unfilled matrix. The slower growth rate probably due to more constraint 
deformation experienced by the matrix in longer glass fibre composite, with 
evidence of larger damage zone in front of the crack tip in compact tension 
specimens compare to the shorter reinforcement and the unreinforced matrix. 
Harris (2003) states that it is relatively rare to compare directly the effect of 
continuous and short fibre of same type in identical composite, due to 
differences of manufacturing parameters. However, Harris et al. (1990) were 
able to minimize the production difference by producing composite with same 
volume fraction of 0.35 for both short and long continuous carbon fibres in epoxy 
composite. The continuous fibre reinforcing composites were produced using a 
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conventional pre-pregging method while the chopped short fibre composite was 
produced by a glycerol-alignment method. As shown in Figure  2.19, although the 
quasi-static strength of the short fibre composite is much lower than that of the 
long-fibre laminate, its fatigue response is increased as a percentage of the UTS. 
 
Figure  2.19 S-N diagrams for unidirectional carbon/epoxy laminates reinforced 
 with continuous and discontinuous fibres (from Harris et al., 1990) 
 
Harmia (1996) reported that the resistance to fatigue crack propagation of fibre-
reinforced polypropylene was increased when surface modification agent used to 
improve the interfacial adhesion of the composite.  
2.3.4.6 Loading conditions  
Commonly, when the test condition is not simply uniaxial tensile aligned with 
the fibre direction, it may cause more stress to be placed on the matrix and 
reduce the fatigue resistance properties. This can be observed in flexural fatigue 
and tension–compression loading testing of unidirectional composite. More often, 
it also occurs in fatigue testing of laminated materials.  
Ramani and Williams (1976) studied fatigue behaviour of 18-ply (0°±30°) 
carbon/epoxy laminates in various combinations under axial tension-compression 
loading. They reported that the fatigue resistance reduced as the compressive 
stress increased, due the extensive shear damage caused by weak interfaces 
bonding between the matrix and fibres. Kunz and Beaumont (1975) and Berg and 
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Salama (1972) reported that during pure compressive fatigue testing, fatigue 
cracks propagated in CRFP through the spreading of fibre buckling failure zones. 
Compressive buckling failure is the dominant failure mode in many kinds of 
fibre-reinforced composites and normally is initiated by shear failure in the 
matrix, possibly due to debonding activities.  
Fernando et al. (1988) showed that compression and shear stress were more 
likely to effect the composite containing Aramid fibres (Kevlar, K) than carbon 
or glass fibres as lower fatigue lives were observed in ±45° KFRP laminates than 
in CFRP or GFRP. Microscopic examination revealed that KFRP samples showed 
kinking and splitting of the fibres resulting from interfibrillar weakness (Figure 
 2.20). Similarly, when tested in torsional mode, which is the weak part of the 
composite where the failure was normally dominated by shear, the composite 
had low resistance to shear fatigue (Philips and Scots, 1976). 
 
Figure  2.20 Splitting and kinking damage in Kevlar-49 fibres after fatigue cycling 
(Fernando et al., 1988) 
 
The deleterious effect of compression loading in tension-compression fatigue 
behaviour of unidirectional carbon fibre reinforced epoxy resin composite was 
reported by Morris (1974). The specimens were tested in zero-tension, zero-
compression and fully reversed tension-compression. The fully reversed fatigue 
testing showed similar results with zero-compression loading indicating 
compression induced effects such as fibre buckling and delamination, matrix 
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shear are dominant in unidirectional continuous fibre composite thus leading to 
reductions in fatigue resistant (Figure  2.21). 
 
Figure  2.21  Effect of the compressive stress on the axial load fatigue behaviour 
of unidirectional carbon fibre-reinforced epoxy resin for zero- tensile (x),compression-zero 
(•) and tensile-compression (o) (Morris, 1974) 
 
This finding was further confirmed by Gamstedt and Sjögren (1999) who 
compared tension-tension (T-T) and tension-compression (T-C) loading modes for 
cross-play glass/epoxy and single fibre model composite with the fibres 
perpendicular to the loading direction. They reported that composite laminate 
degraded more rapidly in tension-compression loading compare to tension-
tension loading. This reduction may attributed to higher debond growth around 
transverse fibres in the T-C loading as result from the faster crack tip opening 
under the compression loading for sufficiently large debond. This caused early 
transverse crack initiation which resulting in premature appearance of 
transverse cracking that lead to early fatigue failure (Figure  2.22). 
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Figure  2.22 Progression of transverse crack length in fatigue 
 in tension-tension (T-T) and tension compression (T-C) loading with respect to number of 
load cycles for both 0°/90°crossply composite and individual fibre in resin samples. The 
paper doesn’t differentiate between the symbols for these two sample types (from Gamstedt 
and Sjögren, 1999) 
 
2.3.5 Biaxial fatigue theories 
Over the years there has been a significant number of fatigue tests performed, 
however huge data of the fatigue analysis are on lightweight structure, while on 
the materials level, the majority of research is in uniaxial cyclic loading and the 
development of associated degradation rules (Harris et al., 1997; Peterman, 
2004). However, most of engineering components, including medical implants 
operate under complex multiaxial stress conditions, therefore it only makes 
sense to test the materials under multiaxial loading in order to provide better 
understanding of the degradation of the material properties. The fatigue 
behaviour of fibre reinforced composites in multiaxial cyclic loadings has been 
analyzed only in a handful of experimental investigations (Perevozchikov et al., 
1988; Limonov, 1988; Andersons et al., 1994; Ellyin and Martens, 2001; Shokrieh 
and Lessard, 2003). One of possible reason there were only a handful of 
experimental work were carried out is due to difficulties to set up the 
experimental and complexity of the test as well as viabilities of test parameters 
and data. 
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In general, biaxial fatigue testing is achieved by applying axial (σ) and 
shear/torsional (τ) stress using the same frequency to a specimen, which can be 
in-phase (proportional) or out of phase (when a phase shift between axial and 
torsional cycles is present) as shown in Figure  2.23. 
 
Figure  2.23  Biaxial fatigue cycles: 
(a) in-phase, (b) 90° out-of-phase(from Jayaraman & Ditmars, 1989) 
Testing out-of-phase often presents more problems compared to in-phase 
testing. One of the major problems is in determining the representative stress or 
strains since the magnitude and direction of the principal stresses change 
through the loading cycle. This influences the fatigue properties of the 
materials. Numerous multiaxial life prediction models have been proposed. 
Parameters, such as stress, strain and energy absorption, have been used to 
explain the fatigue behaviour, but are still insufficient to universally correlate 
the data for a wide variety of materials and testing conditions, as other factors 
may be present during the experimental work such as: 
• the fatigue failure could occurring in any phase, either in-phase (resulting 
from maximum alternating stresses of strains having fixed principal axes 
directions) or in out-of-phase (principal axes rotate and the ratio of the 
principal stresses varies continuously) 
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• crack initiation and propagation directions were discovered can be 
affected by the type of materials and environmental effects, including 
corrosion, fretting, and low/high temperature (creep/fatigue interactions) 
• existence of stress or strain concentration and the mean stress.  
 
Materials parameters such as heat treatment, chemical composition, 
microstructure, impurity, crystallography and anisotropy also play important 
roles. 
2.3.5.1 Multiaxial fatigue theories 
Since the early 1900s, many multiaxial fatigue theories has been developed in 
order to provide better understanding of fatigue failure as well as prediction of 
the fatigue life. However, most of these studies are limited to the in-phase 
field. Due to increasing concern over multiaxial failure of components that are 
subjected to out-of-phase loading, mainly in the automotive industry such as 
crankshafts and drive shaft, some studies on out-of-phase fatigue have been 
performed but they are still limited.  
Much of the research in multiaxial fatigue is in metals. It was generally accepted 
that cyclic loading produced cyclic plasticity, which in turn nucleates fatigue 
crack and growth propagation.  Kanazawa et al. (1997) showed the present of 
slip bands in fatigue fracture failure on crystallographic planes closely aligned 
with the maximum shear plane. This lead to the conclusion that plastic strain is 
controlled by maximum shear strain alone, thus most of the later biaxial studies 
are conducted in strain based control.  
An early study on the influence of phase angle in biaxial fatigue was carried out 
by Nishihara and Kawamoto (1945) in high cycle torsion/bending fatigue tests on 
various metals.  Their data was further analysed by Little (1969) who reported 
that the fatigue limit decreases with increases in phase angle. Several other 
authors also reported similar finding (Kanazawa et al., 1977; Ellyin et al., 1991). 
Ellyin and co-workers suggested that such effects are possibly caused by 
formation of the circular path created when the principal stress and strain 
rotated during cyclic loading, allowing dislocation to move along all possible slip 
planes. This created extra cyclic hardening in the material to resist the motion, 
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thus leading to more damage accumulation in out-of-phase loading compare to 
in-phase loading. However, they observed that this assumption is only applicable 
to low cycle fatigue case, as when the plastic strain decreases, so does the 
effect of out-of-phase loading. 
Kanazawa et al. (1977) tested an isotropic batch of 1% Cr-Mo-V steel under out-
of-phase loading in tension-torsion fatigue testing at various biaxiality ratios and 
phase angles. They showed that out-of-phase is more damaging in low cycle 
fatigue. Contrary to this finding, Sonsino and Grubisic (1985, 2001) observed that 
if biaxial testing were performed under load control, out-of-phase conditions 
would increase the fatigue life.  
Therefore the effect of loading path on the biaxial fatigue should be examined. 
In fatigue testing, the loading condition that often use is shown in Figure  2.24. In 
uniaxial testing, the biaxiality ratio (l= t/s) for tension-compression and torsion 
conditions are zero and infinity respectively. In the in-phase case, the loading 
path can be represented by straight line, while for out-of-phase condition, the 
loading path is ellipsoidal and the shape of the ellipse is controlled by the 
magnitude of l, which again is controlled by the difference in the phase angle.  
 
Axial Torsional 
 
 
 
Proportional 
 
Non-proportional 
  
Figure  2.24 Loading histories of in-phase (proportional) and out-of-phase (non-proportional) 
(from Socie, 1987) 
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Figure  2.25 shows the strain histories for both proportional and non-proportional 
loading. The strains are given by intersections of the loading line with axial 
strain (x-axis) and shear strain (y-axis). In order to obtain the same strain range 
in proportional and non-proportional loadings, the applied axial strain (tension) 
and shear strain (torsion) for non-proportional loading (εN and γN) must be 
increased relative to the proportional loading condition (εp and γp). If the 
comparison is based on the applied strain, out-of-phase testing is expected to be 
less deleterious because the maximum strain is smaller. However, if the 
comparison is carried out on the basis on maximum strain, then the out-of-phase 
loading will be equal or more damaging than in-phase as it undergoes higher 
strains. The increase in additional strains is arising from formation of additional 
cyclic hardening occurring due to non-proportional loading. In strain-controlled 
test, this will increase the stress amplitude and consequently reduce the fatigue 
life of the specimen. However, it was observed that at small plastic strain 
levels, the strain hardening is insignificant, thus does not affect the fatigue life 
of the materials. However if larger plastic strains occur, the hardening factor 
can increase as much as 2 (stainless steel), thus can significantly reduce the 
fatigue life of the specimens (Socie, 1987). 
 
Figure  2.25 Strain histories for proportional and non proportional loading (from Socie, 1993) 
 
While fatigue characterization and failure progression for polymeric fibre 
composites has been well documented for uniaxial loading, only a limited 
number of studies consider the fatigue behaviour under multiaxial loading. 
Chapter 2 Bone and Biomaterials  82 
 
Smith and Pascoe (1989) studied biaxial fatigue behaviour of glass/epoxy in flat 
cruciform specimens under multiaxial state of stress in both monotonic and 
fatigue loading environment. They summarized three main and irreversible 
damage mechanisms, which are rectilinear cracking (combined resin cracking 
and fibre/matrix debonding), delamination and shear degradation of fibre-
matrix interface. At the same time they also reported that under general loading 
conditions, the failure mechanism is combination of the main mechanisms 
described above.  
Chen and Matthews (1994) studied carbon/epoxy plates under different stress 
combinations of biaxial flexural fatigue. They reported that matrix cracks and 
delamination were the major damage mechanism of the composite and used 
reduction in the secant stiffness to quantify the fatigue damage.  
Tanaka et al. (1996) studied the biaxial tension-torsion fatigue of woven glass-
fabric composite, particularly the stress-strain relationship and the progressive 
damage of the composite with respect to the loading path.  They reported that 
both damage accumulation and its sequence significantly depends on the loading 
path. Damage was dominated by tensile stress even at low biaxial stress ratios. 
Ton That et al. (2000b) studied the effect of loading path as well as the 
combination of loading levels on HDPE reinforced with particulate HA composite 
in fully reversed tension compression and torsional fatigue testing. They 
reported that the superposition of torque on axial loading reduces the fatigue 
life significantly. A similar observation was reported with respect to the loading 
path. Out-of-phase loading was reported to be less damaging in comparison to 
the in-phase loading during biaxial testing.  
Fujii and co-workers (1995, 1996, and 2000) studied the damage progression and 
stiffness degradation in plain-woven glass polyester laminated tubular specimen 
under tension-torsion biaxial fatigue. They reported that the modulus 
degradation in tension and shear is suitable to monitor the fatigue life at any 
biaxiality ratio.  
Adden and Horst (2006) tested non-crimp fabric glass/epoxy tubes under 
tension/torsion fatigue of tubular samples. They reported that the crack density 
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in the specimen was affected by the different biaxial loading conditions. 
Interestingly, the crack density for pure shear fatigue is higher than in biaxial 
loading. 
In unidirectional continuous fibre composite, failure is normally observed in 
compression phase through buckling mode. Often misalignment of the fibre has 
been seen to initiate the microbuckling failure. Several studies had been carried 
out to study the effect of fibre waviness and misalignment (Hsiao and Daniel, 
1996; Potter et al. 2008). However, the effect of these parameters on biaxial 
fatigue behaviour has not been thoroughly investigated until recently, Schmidt 
et al. (2012) conducted a study on the effect of local fibre waviness on biaxial 
fatigue damage mechanisms of glass fibre reinforced polymer. The test was 
carried out at various biaxial ratios of tension-compression and torsional in-
phase. They reported that while fibre waviness did significantly affect the 
increase in crack density and modulus degradation, early initiation of 
delamination occurred due to fibre waviness, and considerably reduced the 
fatigue strength of the composite. 
2.3.5.2 Biaxial fatigue models 
Biaxial fatigue has been approached via three distinct methodologies: high cycle 
fatigue using stress-based theories, low cycle fatigue using strain-based theories 
and crack growth (Brown and Miller, 1982; Toor, 1975; Elyin, 1988). This part of 
the literature will only briefly touch on the stress-based criteria. Stress-based 
criteria are usually more suitable to use in predicting long life fatigue failure of 
materials (more than 105 cycles). The majority of data usually exists in the high 
cycle region as the finite life approach is used to establish S-N curves. At the 
same time, it provides simpler testing than strain-based low cycle fatigue region 
since the user does not need to make adjustment or differentiation between 
loads (stress) and displacement (strain control).  Ellyin (1988) summarized that 
plastic shear deformation plays a major role in crack nucleation and early 
growth, thus all multiaxial fatigue approaches usually include stress and strain 
theories. 
Stress based criteria are summarized in Table  2.7.  Literature showed that three 
most popular stress-based criteria, often referred to as the classical failure 
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criteria, which include the maximum principal stress criterion (Rankine), the 
maximum principal shear stress criterion (Tresca) and the octahendral shear 
stress criterion (von Mises). The model is based on extensions of static yield 
criteria to fatigue. Previous studies showed that Rankine criterion results 
provide good correlations to represent failure in brittle materials, while Tresca 
and von Mises give good correlation for ductile materials at long fatigue lives 
(Brown and Miller, 1973; Fatemi and Kurath, 1988). For anisotropic materials, 
the Tsai–Wu criterion is often used due to its ability to treat interactions terms 
as independent components and take into account the difference in strengths 
due to positive and negative stresses, it can also be specialized to account for 
different material symmetries and multiaxial stresses. The Tsai-Wu criterion has 
been used by various authors (Carter, 1977; Hayes and Wright, 1977; 
Cezayirlioglu et al., 1985) for compact bones. Several authors also reported good 
correlation to estimate failure in continuous fibre polymeric composites 
(Amijima et al., 1991; Tanaka et al., 1998). 
Table  2.7 Some representative of biaxial fatigue model of stress –based criteria            
(adapted from Ellyin, 1988) 
 
Criterion 
 
Relationship 
 
Notes 
 
Maximum 
principle 
stress (MPS) 
 
Fσσ =1  
 
σ1> σ2> σ3 
 
Maximum 
Shear Stress 
(Tresca) 
Fσσσσσσστ 2
1)](),(),max[(
2
1
133221max =−−−=  
 
Hydrostatic 
stress 
insensitive 
 
Strain energy 
density (SED) 
 
Fσσσσσσσσσσ =++−++ )( 323121232221  
 
 
Distortion 
Strain Energy 
Density (von 
Mises) 
 
 
22
13
2
32
2
21 2)()()( Fσσσσσσσ =−+−+−  
 
Hydrostatic 
stress 
insensitive 
Note: s1, s2, s3 are principle stresses. 
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2.4 FATIGUE OF BONE AND BONE REPLACEMENT 
MATERIALS 
2.4.1 Fatigue of Bone 
Within the last few decades, there been increasing numbers of studies focused 
on understanding the fatigue behaviour of bone. At the same time, due to 
increases in the lifespan of both women and man, with individuals seeking to 
maintain an active life, better understanding of the progressive degradation of 
bone properties through fatigue seem relevant. 
Bone has the ability of self-repairing, therefore, normally fatigue fracture occurs 
when the remodelling process is out-paced by the fatigue process. On the other 
hand, the damage from the cyclic loading is greater than the remodelling 
needed to prevent failure. Sudden increase in individual physical activity can 
cause fatigue fractures, clinically known as ‘stress fractures’, prone to occur in 
lower limbs bone including the metatarsal, tibia, femur and pelvis, varied with 
activities of the individuals. For example, fatigue fractures are more common in 
the tibia among athletes (Matheson et al., 1987) while metatarsal fatigue 
fractures normally observed among military recruits and ballet dancers (Poulles 
et al., 1989; Kadel et al., 1992). 
Evans and co-workers (Evans and Lebow, 1957; King and Evans, 1967) were 
among the first to establish the S-N curve for human bone in fatigue life. The 
specimens were tested in fully reversed flexural loading in vitro. Carter and 
Hayes (1977) reported that when tested in vitro, the S-N curve for human bone 
may not be asymptotic, i.e. there is no fatigue limit. Microscopic analysis 
showed that cyclic tension resulted in failure at the cement lines and promoted 
osteon pull out, thus may created micro fractures in the bone leading to fatigue 
failure which becomes more severe when the load or deformation approaching 
yield. Further tests by Carter et al. (1981) in uniaxial tensile and compression 
suggested that fatigue behaviour of bone can be significantly correlated using 
strain range and degradation of the modulus models. Figure  2.26 shows a 
comparison of different S-N curves for bone obtained from various studies. 
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Figure  2.26 Comparison of stress amplitude versus cycles to failure of various fatigue studies 
of bone (from Carter et al., 1981) 
Note: Filled circles (Carter et al. (1981); closed squares (Gray and Korbacher (1974); open 
circles (Swanson et al. (1971); upward triangles (Lafferty and Raju (1979); downward 
triangles (Carter et al. (1976); open squares (King and Evans, 1967). 
It was reported in the literature that the failure estimation was improved by 
using a stress-based model, in comparison to number of cycles to failure (Caler 
and Carter, 1989; Zioupos et al., 2001). An early study by Caler and Carter 
(1985) also showed that the time to failure of bone is a combination of 
cumulative fatigue and creep. Results showed that creep dominated the damage 
when the stress range exceeding 60 MPa, while at lower stress, the bone life is 
primarily a function of fatigue damage. Caler and co-workers (Carter and Caler, 
1985; Caler and Carter, 1989) suggested that fatigue degradation of the bone is 
also depending on the stress ratio. For example, in tension cyclic loading, bone 
showed significant time dependent degradation (creep) while in cyclic 
compression loading, the damage was dominated by cycle-dependent damage. 
Pattin et al. (1996) described the mechanical degradation of the bone during 
axial load controlled fatigue loading by recording the changes in secant modulus 
and cyclic dissipated energy that were produced. The result showed that 
modulus degradation and energy dissipation increased considerably at loading 
levels above critical damage strain thresholds of 2500 and 4000 µε in tensile and 
compressive fatigue respectively.  
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Work on the fatigue of human cortical bone did not include the effect of 
torsional load until Vashishth et al. (1997) carried out multiaxial fully reversed 
biaxial fatigue of bone using torsion and tension/compression. Superposition of 
torsional on axial loading leads to dramatic reductions in fatigue life (Vashishth 
et al., 2001). A further study revealed that increasing the phase angle caused 
significant reductions in fatigue life of bone (George and Vashishth, 2005). 
During in-phase testing, the damage that produced was equally influenced by 
the magnitude of mixed mode crack initiation and propagation (tension, 
compression, torsional). For out-of-phase loading, only the torsional mode was 
significantly affected, thus reducing the contribution of the mix-mode behaviour 
load that extends the fracture path. The second factor is the magnitude of the 
principal plane rotation. Damage normally takes place on principal planes that 
become the main site for damage localization. During the test, out-of phase 
loading creates principal plane rotation, so the damage is diffused over a larger 
volume, while in-phase the damage is concentrated on a small volume, which 
leads to faster failure fracture. Figure  2.27 showed the influence of phase angle 
on the fracture surface damage. 
 
Figure  2.27 Influence of phase angle at reversed axial loading (±50A) and torsional loading 
(±30T) superimposed (a) out-of-phase, (b) in-phase in bovine bone (from George and 
Vashishth et al., 2005) 
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2.4.2 Fatigue of Polymeric Biomedical Composites 
Bone fracture can be treated by internal or external fixation devices. In internal 
fixation, bone fragments are held in alignment by various implants such as 
screw, plates, wires, pins and intramedullary nails. Polymer composites have 
been investigated successfully for this type of application.  
There have been a limited number of experiments on the fatigue properties of 
biomedical thermoplastic composites reinforced with continuous fibres. Curtis 
(1991) investigated carbon fibre (CF) poly (ether ether ketone) (PEEK) and 
compared it to carbon fibre epoxy composite. The unidirectional laminated 
composites were subjected to tensile only fatigue and the PEEK matrix 
composite showed inferior fatigue properties with fewer cycles to failure when 
compared with CF epoxy. Microscopic examination revealed that longitudinal 
splits grew faster in the PEEK matrix compared to the tougher epoxy matrix. The 
split appeared to originate from fibre fractures caused by stress concentrations 
that initiated interfacial debonding and then grew with the help of the local 
shear stress, along the fibre to form macroscopic splits. This caused further 
damage to the material that resulting in ‘brush manner’ failure when it was no 
longer able to redistribute load effectively. Pannkoke and Wagner (1991) 
compared the fatigue behaviour of unidirectional carbon fibre composite with 
epoxy, PEEK, poly(aryl ether ketone)(PAEK) and polycarbonate matrices under 
cyclic tensile loading at low temperature (77K). They reported that the three 
thermoplastic based composites have lower fatigue limits compare to those 
based on the epoxy matrix. They also observed that the fracture surface of 
thermoplastic-based composite showed a brushed like fracture with strangling 
fibre bundles, compared to the planar and brittle crack surface seen in the 
epoxy-based composite. The difference in the fracture surface indicated not 
only weaker interface in thermoplastic-based composite, but also an increased 
tendency for debond-prone growth during fatigue as shown in Figure  2.28. 
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(a) Brittle failure (b) ‘Brush failure’ 
 
Figure  2.28 Appearance of failed coupon (a) brittle failure mode common for static loading 
and strong interfaces, and (b) ‘brush’ type rupture indicative of fatigue failure and weak 
interfaces (redrawn from Gamstedt et al., 1999). 
 
The incorporation of laminated composite structures using long carbon fibres 
introduces further complexity into the structural response under dynamic 
loading conditions, as the fatigue strength depends upon the length as well as 
the orientation of the fibres relative to the loading direction (Buggy and Carew, 
1994) 
Fujihara et al. (2007) investigated the fatigue bending properties of braided 
carbon/epoxy laminated composites with the target of a compression bone plate 
to repair diaphyseal fractures. Interestingly enough, they reached the conclusion 
that for an optimal braiding angle of 20° the fracture resistance under fatigue 
loading was maximized. Braided carbon fibres were also used to reinforce PEEK 
bone plates (Schambron et al., 2008). Preliminary fatigue experiment indicated 
that CF/PEEK bone plate was likely to perform well under physiological loads 
and when subject to a saline environment. In fact at 75% of the static strength, 
failure was not reached even after more than 300,000 load cycles, and the 
devices performed better than those made of A316L stainless steel. 
Fatigue properties of screws made of biostable polysulfone (PSU) or 
bioresorbable poly-l-lactide-co-glycolide (PLGA) polymers reinforced with short 
Chapter 2 Bone and Biomaterials  90 
 
carbon fibres has been investigated by Jan and Grzegorz (2005). CF/PSU had 
better fatigue properties than CF/PLGA composites. 
 In contrast, for mechanical properties of particulate reinforced composites, the 
effect of biphasic loading is strongly depending on the interface between the 
particles and the matrix. Friedrich and Karsch (1981) considered the 
micromechanism of general damage in particulate composites in detail (Figure 
 2.29): 
• Stage I: When the applied force reaches a certain value, the polymer 
matrix detaches from the filler particles, creating series of voids on both 
sides. Just a small amount of plastic strain is needed to initiate damage 
• Stage II: voids grow in the stress direction, creating more plastic strain. 
Dimple-like holes form around the particles with width corresponding to 
particle diameter (DP). Crack length, L will stabilize when the local stress 
around the particles reduces. As the tensile test progress, shear stress is 
produced on the plane at 45° to the tensile axis and the material the start 
to fail 
• Stage III: shear stress caused further strain on matrix until holes coalesce 
and lead to composite failure 
 
Usually, increases in filler content, reduces the strain in steps I and II, which 
changes the ductile fracture of the matrix to brittle fracture of the composite. 
This is because, with increasing of filler content, the maximum strain in the 
composite is reduced and the matrix is unable to develop full resistance to crack 
growth.  
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Figure  2.29 Schematic illustration of interfacial separation of filler particles and matrix 
(redrawn from Friedrich and Karsch, 1981) 
 
 
Harper (1995) reported that addition of HA particles (up to 40 wt.%) in PEMA 
based bone cement PEMA/nBMA (polyethylmethacrylate/n-butylmethacrylate) 
produced minimum changes in the tensile strength, however there were large 
increases in Young’ modulus and decreases in strain at maximum strength. They 
also reported that the fatigue resistant was also reduced and this was thought to 
be caused by poor interfacial bonding between the HA particles and polymeric 
matrix. In contrast, Matsuda et al. (2004) reported that introducing HA fibres, 
significantly reduced the crack propagation rate and resulting in better fatigue 
resistance.   
Local fracture and crack growth of polybutadiene rubber embedded with hard 
particles was investigated by Liu and Rav-Chandar (1996). They reported that 
voids in the matrix opened up while in tension. Increases in stress created large 
voids with main crack tip, which then triggered crack propagation leading to 
failure at the process zone tip. At the same, it was reported that a toughening 
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mechanism via crack tip blunting was also observed, taking place before and 
after crack growth. As particulate composites are heterogeneous materials, the 
degree of crack tip blunting often differs with the position of the advancing 
crack tip.  
The fatigue behaviour of HAPEX™ at 37°C in saline was determined under 
uniaxial (fully reversed axial tension-compression and fully reversed torsional 
loads) and biaxial (various combinations of fully reversed axial and torsional 
loads) loading conditions (Ton That et al., 2000a and 2000b). S-N curves under 
uniaxial loading indicated fatigue limits at between 37 and 25% of the ultimate 
strength of the materials. Superposition of torque on axial loading reduces 
considerable the fatigue limits of HAPEX™. 
 McGregor et al. (2000) investigated hydrostatically extruded HAPEX™ and 
suggested that due to the molecular alignment produced by the hydrostatic 
extrusion that anisotropic mechanical properties were produced and significantly 
increased flexural strength and fatigue life compare with conventional isotropic 
HAPEX™.HDPE reinforced with HA whiskers exhibited a four to five fold increase 
in fatigue life compare with equiaxed particles at either 20 and 40 vol.% filler 
content (Kane et al., 2008).  These results confirm the observation of Joseph 
and Tanner (2005) who found a marked dependency of the fatigue behaviour on 
the surface behaviour of HA-filled HDPE composites. 
Research on the fatigue behaviour of biomaterials have been mainly conducted 
on the non-degraded polymeric materials (Curtis, 1991; Harper, 1995; Matsuda 
et al., 2004; Fujihara et al., 2007; Schambron et al., 2008) with a very limited 
number of studies focus on the continuous fibre reinforcement composite. Most 
of the studies on self-reinforcement PLA composite are also in the area of static 
loading, thus creating a gap on in the field of cyclic behaviour. In the field of the 
fatigue testing itself, due  to complexity of nature of the fatigue test, only 
handful of the experiments were conducted in biaxial loading with none of these 
carried out on the degraded specimen. The present study therefore trying to 
address the lack of information on the fatigue behaviour of the degradable 
biomaterials by following the aim and objective as stated in Chapter 1. 
CHAPTER 3 - MATERIALS AND METHODS 
3.1 MATERIALS 
The materials used in this study are Polylactic acid (PLA), a degradable polymer 
that is commonly used in biomaterials applications and reviewed in detail in 
Chapter 2. Calcium phosphate, used as the filler is a bioactive material and also 
widely used to promote bone formation. In this study, the materials are in form 
of a three phase composite originally developed by Kellomäki (1997) and 
optimised by Bleach et al. (2002). The composite consisted of drawn PLA fibres 
in a PLA-calcium phosphate composite matrix. 
3.1.1 Polymers 
The matrix polymer was polylactide (PLA70) (Purac Biochem, Holland), in form of 
fine white granules with inherent viscosity of 6.1 dl.g-1. It has L:D,L ratio of 
70:30 that is 70% PLLA and 30% a racemic mixture of PLLA and PDLA. Polylactide 
fibres with an L: D ratio of 96:4 of 96% PLLA and 4% PDLA, (PLA96) with an 
average diameter of 27µm bundled together in 30 filaments was used as the 
reinforcing phase. The fibres were supplied by Degradable Solutions, Switzerland 
with individual fibre strength of 5.6N. The reported density of PLA is 1.26 Mgm-3. 
 
Figure  3.1 SEM image of PLA96 fibre (from Dr Wojciech Chrzanowski) 
 
Chapter 3 Materials and Methods 94 
 
3.1.2 Calcium Phosphates 
Tricalcium phosphate (TCP) (Plasma Biotal Ltd, Tisdeswell, UK) with Ca:P ratio 
(1.5) was used as particulate filler material. It was a fine white powder, with 
mean particle size of d0.5= 3.03µm (d0.1=1.89µm, d0.9=4.51µm) and has a specific 
surface area of 2.30 m2g-1. The theoretical density of TCP is 1.70 gcm-3. 
3.1.3 Saline solution 
Degradation studies and fatigue testing were carried out in saline solution at 
37°C. Phosphate buffered saline (Sigma-Aldrich Company Ltd, Dorset, UK) in 
tablet form was dissolved in distilled water to produce a degradation solution 
with pH range of 7.20 -7.60.   
3.2 METHODS - SAMPLE PREPARATION 
3.2.1 Pre-Pregging 
Prior to the pre-pegging process, the matrix solution was prepared by adding 20g 
PLA70 to 500ml acetone in a large spherical flask. The mixture was then stirred 
using magnetic stirrer plate for approximately 4 hours at room temperatures. 
Once the polymer had dissolved, 40.47g tricalcium phosphate was added and 
stirring was continued for at least 12 hours at room temperature to ensure a 
homogenous mix. This gave 60 vol.% of TCP filler in the matrix as determined by 
calculation, after acetone evaporation. 
Pre-pregging was performed using a purpose built pre-pregger (Research Tool 
Corporation, USA). The PLA96 fibres were pulled through the matrix bath using 
the pre-pregger.  Prior to the drawing process, two spools of PLA96 fibres were 
put on the spindles. Each spool contained 30 fibres and was approximately 500m 
in length. The pre-preg was attached with 2.8mm die and guide wheels. The 
fibres were threaded through the guide wheels, through the matrix bath and die 
then wound onto a rotating drum to produce a continuous sheet of pre-pregged 
composite. The fibre speed used was 5 m. min-1. As the matrix bath had no cover 
the acetone was able to evaporate, therefore more acetone was added 
periodically to retain an even consistency. Any excess matrix on the fibre bundle 
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was removed by a wiper system, which was fitted at the exit of the matrix bath 
(Figure 3.2). 
 
Figure  3.2 Pre-preg fabrication process showing PLA fibre being drawn through matrix bath 
contains PLA-TCP solution (photographs from Prof K.E.Tanner) 
 
The collecting drum was covered with silicone paper in order to prevent the 
fibre from sticking to the surface of the drum. Its transverse movement was 
adjusted to 2.8mm per rotation so that fibre bundles would be laid down next to 
each other. The process was stopped after a fully covered drum with one layer 
of pre-preg was manufactured. Masking tape was taped at the cutting line and 
the pre-preg was cut off the drum and left to dry overnight. Later, it was cut 
into shorter lengths for ease of handling and pressed under a weight for another 
24 hours. After that it was dried in a vacuum oven for further 24 hours. Lastly, 
the pre-preg was kept in sealed plastic bags with silica gel to prevent moisture 
absorption and thus the initiation of degradation. 
The final content of Ca-P in the prepreg was 12.82 wt.% as determined by ashing 
method described in section 3.2.5 
3.2.2 Differential Scanning Calorimetry 
DSC-7 (Perkin Elmer, Connecticut, USA) was used to determine thermal 
properties of the polymer.  Liquid nitrogen was used to enable the measurement 
Fibre coated 
with PLA-TCP in 
acetone 
Fibre before 
coating 
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to be made below ambient temperature. The heat sink temperature was set at 
20ºC below the lowest temperature required and left for an hour to stabilise. 
Approximately 5.5mg of the sample was sealed in aluminium pan and placed in 
DSC chamber with an empty aluminium pan as reference. The heating/cooling 
regime used was as follows: 
1. First the sample was held at 25ºC for 3 minutes 
2. The sample was heated from 25ºC to 220ºC at heating rate of 20ºC 
min-1 
3. The samples was held at maximum temperature of 220ºC for 1 minute 
4. It was cooled down to 25ºC at cooling rate of 20ºC min-1 
5. The sample was held at the minimum temperature of 25ºC for 3 
minutes 
6. Second heating from 25 ºC to 220 ºC at heating rate of 20ºC min-1 
 
3.2.3 Moulding Procedure 
The composites were compressed into a cylindrical mould (100 x 7 mm in length 
and diameter) at 140 ºC or 150 ºC using a hydraulic press (Bradley & Turton Ltd, 
England) after preliminary trials to optimise sample preparation. 5.2g of the pre-
pregs were measured for each rod. The pre-preg was carefully hand placed in 
the mould with care to ensure the fibres were aligned with the mould direction. 
The mould was firstly held at 5 MPa while it was heated to the desired 
temperature. The time taken to reach the desired moulding temperature was 20 
to 25 minutes. Once the compression moulding temperature was reached, the 
pressure was increased to 10 MPa and applied for 5 minutes. Then the mould was 
left to cool in the press under pressure of 5 MPa. The cooling was aided by water 
circulating in the press. The rods were machined into cylindrical dumbbell 
specimens according to ASTM standard E466 (Figure 3.3). The specimen surface 
was polished with fine SiC paper to remove any machining marks. The early 
studies of quasi-static tension, compression and torsion and at 25% UTS fully 
reversed tension-compression fatigue test for specimen moulded at 140°C (T140) 
were performed with 20 mm gauge length. However due to problems with 
buckling, the gauge length was reduced to 13 mm for the rest of the test. 
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Symbol Description 
 
Dimension(mm) 
L Gauge length 13, 20 
D Gauge diameter 3.5 
LG Grip length 34.5 
G Grip diameter 7 
R Radius of curvature 28 
TL Total length 100 
Figure  3.3 The dimensions of tangentially blended dumbbell specimens                                
of self-reinforcement composite 
 
 
3.2.4 Density measurement 
The density of the composite was measuring using the Archimedes’ principle, a 
body submerged under a liquid will experience an up thrust equal to the weight 
of the liquid displaced, in this case distilled water. This method involving 
weighing the specimen in air on the balance, (Ma) and measuring the specimen 
buoyancy (Mb). The density of the composite (ρc) is calculated by  
w
b
a
c M
M ρρ ×=
 Equation  3.1  
 
Where ρwthe density of distilled water at the room temperature (21ºC), is 0.998 
Mgm-3    
3.2.5 Ash Weight Measurement 
The weight percentage of TCP in the composite was determined after burning 
off PLA at 600ºC. The porcelain crucible weight was recorded as W0. The 
TCP/PLA composite sample was placed in the porcelain crucible and the weight 
was recorded as Ws. The crucible with the sample was placed in the centre of a 
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furnace, which had been stabilised at 600ºC and left for 60 minutes then allowed 
to cool. The residue in the crucible was measured as WR, and the TCP content 
(wt.%) was calculated by 
100
0
0
.% ×
−
−
=
WSW
WRWwt
     Equation  3.2     
                                                              
3.2.6 Degradation Protocol 
The samples were randomly allocated into 4 groups (weeks 8, 12, 16 and 20) 
each group containing five samples to investigate the effect of the degradation 
on the quasi static and fatigue strengths. The mass of each sample was recorded 
prior to degradation (mo). 500ml polypropylene bottles were rinsed with saline 
solution; all five samples for each period were placed in one bottle and then 
were filled with phosphate-buffered saline (PBS). Vsolution/Vsample > 20 was used 
(Niemelä et al., 2008). The bottles were incubated at 37 ºC in an incubator 
(Sanyo, Japan) and the PBS was changed every three weeks, at which time its pH 
was measured using a Hanna pH meter (Hanna Instruments Ltd, UK). At each 
degradation period, the samples were removed from the bottles and surface 
water was blotted off with a tissue and the wet weight (mw) measured to 
determine the water absorption (WA). After weighing, the samples were rinsed 
with deionised water and ethanol to remove the residual salts. The samples 
were then dried in a vacuum oven at room temperature until there was no 
further weight loss and the dry mass (md) recorded (approximately 5 days). The 
weight measurements were carried out using a Ohaous analytical balance 
(Ohaous Analytical, USA). Quasi-static testing, fatigue testing and SEM were 
carried out on dry degraded samples. 
 
%100×−=
o
od
m
mmlossMass
  Equation  3.3 
 
%100)()( ×−=
d
dw
m
mm
WAabsorptionWater
   Equation  3.4  
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3.3 METHODS - FATIGUE TESTING 
3.3.1 Test preparation 
The quasi and fatigue tests were carried out using a MTS Bionix 858TM 
servohydraulic (Minneapolis, USA) machine. It has with axial and torsional 
actuators in series that allow tension-compression and torsion to be applied 
simultaneously, in or out-of-phase (Figure  3.4). The machine is fitted with a load 
cell of 2.5 kN axial and 25 Nm torsional capacity. The actuator has a range of 
100mm linear and 140° rotational maximum motions with integral displacement 
transducers, controlled by MTS Testware® software. Data of force, 
displacement, angle, torque, number of segment and test time were collected 
and stored in a computer (Dell, UK) during the test. 
In order to ensure there is no additional stress on the test sample, the specimen 
axis needs to coincide perfectly with the actuator axis. Any misalignments will 
produced additional bending stress or shear stress to the calculated axial and 
torsional loads on the specimen, which is not included in stress calculation.  The 
alignment rod that was used to align the grips had a major diameter equal to the 
diameter of the grip section of the specimen that is 7mm. During the alignment, 
the alignment rod was held by upper grip then gradually lowered into the 
bottom grip. The rod then aligned to ensure no additional bending and the lower 
grip positioned so that when the sample was placed in the grips it was correctly 
aligned. 
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Figure  3.4 MTS Bionix Test System with computer control terminal 
 
The dimensions and density of each specimen were measured before the testing 
was carried out. In order to ensure the temperature equilibration, the specimen 
was then soaked for at least half an hour in saline solution at 37ºC prior to 
testing. The test was performed in an environment chamber with the specimens 
sprayed with saline at 37ºC. As the tests were carried out in wet environment 
(Figure 3.5), it was not possible to use an extensometer to measure the 
displacement. Therefore, the deformation of the axial and torsion were 
recorded from actuator movement, which then converted into true strain by 
taking into account correction factor calculated from the specimen dimensions 
and geometry (Appendix A1). 
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Figure  3.5 Test set up with sample covered in flowing saline solution                            
performed in environment chamber (at 37°C) 
 
3.3.2 Monotonic testing 
Quasi-static tests in tension, compression and torsion to failure were performed 
to establish the ultimate tensile strength (UTS), ultimate compressive strength 
(UCS) and ultimate shear strength (USS) of the material. Tensile and compressive 
monotonic test were carried out at a crosshead speed of 5 mm min-1, giving a 
strain rate of 0.0055s-1.  For the same strain rate, the rotation rate was 
calculated to be 2.5º min-1. The yield point of the materials was taken at 0.2% 
strain offset on the stress versus strain curves (Reilly and Burstein, 1975).  
From the force-displacement data, the stress and strain were calculated using 
Equations 3.5 and 3.6. 
A
F
=σ stress, axial The
           Equation  3.5                                                                
Where F= axial force and A= πr2 which is cross sectional area of the gauge 
section of radius r,  
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And  
 
l
δ
ε = strain axial
         Equation  3.6                                                                   
Where d = axial deformation and l = gauge length 
From the torque-angle data, the shear stress and shear strain can be calculated 
using Equations 3.7 and 3.8. 
 
3
2
 
r
T
s
pi
τ =,stresshear 
    Equation  3.7  
l
rθγ = strainshear 
 Equation  3.8 
                            
Where q = angle of twist (rad), polar second moment of area J = πr4/2 for a 
cylinder 
The modulus can be calculated using Equations 3.9 and 3.10 below: 
 
Young's modulus, E =
σ
ε                Equation  3.9                                                          
 
 And  
γ
τ
=G modulus,Shear 
 Equation  3.10 
             
 
The monotonic test moduli were calculated over the stress range 2.5 to 5.0 MPa. 
3.3.3 Fatigue Testing 
Fatigue testing was carried out in a physiological environment using sinusoidal 
loading at a frequency of 2Hz under load control. The data was collected at 
every 0.05s, giving 100 data points per load cycle. Tests involved fully reversed 
cyclic uniaxial fatigue at 25%, 50% and 75% of the UTS or USS respectively. For 
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the uniaxial torsional loading, a biaxial template was used with axial load set to 
zero. This template was used to ensure that no additional axial stresses were 
developed as result of the changes in specimen length produced by creep.  
The force and torque load ranges were calculated individually for each sample 
by taking into account the sample diameter in order to ensure the stress ranges 
were constant.  
Fatigue testing was carried out using different combinations of axial and 
torsional loading as shown in Table 3.1. The procedure was repeated with out-
of-phase loading at various phase angles: 0, 30, 60 and 90º 
Table  3.1 Uniaxial and biaxial fatigue test categories 
Load level 0% UTS ±25% UTS (25A) 
±50%UTS 
(50A) 
±75% UTS 
(75A) 
0% USS none /# / / 
≤25% USS (25T) /# 0° 30° 60° 90° 0° none 
≤50% USS (50T) / 0° none 0°,90° none 
≤75% USS (25T) / none none none 
‘⁄’ test performed; ‘#’ plus test on degraded specimens 
 
In order to study the role of tension stress in fully reversed tension-compression 
fatigue, uniaxial tension only (+50A) fatigue was performed.  
To investigate the long term properties of the materials, selected tests were 
performed on soaked specimens: 8,12,16 and 20 weeks soaked specimens were 
subjected to monotonic tension and torsion and uniaxial fatigue (±25% UTS and 
±25% USS). 
Five repeat tests were performed at each stress level. Failure was defined as 
either fracture of the specimens into two parts (only those which failed inside 
gauge section were considered valid in case of tensile), failed at fractured strain 
(which 6mm in compressive and 40° in torsional displacements), or in case of 
non failure, run outs were defined after 1.5 x106 cycles. Analysis of cycles to 
failure was the based on 30% reduction (NE=70%) in the modulus, as 
recommended by ASTM D671-87. The unbroken specimens were subjected to 
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monotonic tension to failure to investigate the fatigue damage that has been 
produced. 
3.3.4 Statistical Analysis 
The statistical analysis was done using Wilcoxon-Mann-Whitney test for two 
unrelated designs, for example test for strength and modulus of the T140 and 
T150 specimens. The Kruskal-Wallis test was used for results for tests performed 
under three or more conditions, for example to test the statistical difference in 
the number of cycles to failure between 0º, 30º, 60º and 90º out-of-phase in a 
combined loading fatigue. Due to relatively small sample size in this study, 
p<0.05 was used. All data analysis was performed using Kaleidagraph software.  
3.3.5 Microscopic Characterisation 
Macroscopic observation was carried out using optical microscope NORMANSKI 
Nikon Eclipse ME600 (Nikon, Japan). 
Microscopic examinations were carried out using a Carl Zeiss Sigma scanning 
electron microscope (SEM) (Carl Zeiss, Germany), with accelerating voltage of 5-
10 keV. For fractures surface, samples were mounted onto stubs using carbon 
cement. For internal structure observation, the specimens were moulded in 
epoxy resin (MetPrep Ltd, UK) and left overnight to set. The specimen then 
polished with progressively finer silicon carbide papers (300-1200 grades) and 
further polishing using finer diamond paste from 15 to 1µm and then cleaned in 
an ultrasonic bath. All samples were coated with carbon prior to the SEM 
examination. 
3.3.6 Hysteresis Loop 
In order to quantify the actual damage accumulated by material caused by 
fatigue loading, the damage must be characterized and quantified. Damage can 
be defined as the gradual degradation in mechanical properties, such as 
modulus, as well as amount of energy absorbed by the materials. 
The energy absorbed, or hysteresis, H, is the difference between the energy 
density integral at the beginning and end of a cycle and represents the energy, 
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which was not returned by the specimen during the load cycle (Figure  3.6). In 
this study, it was calculated using Kaleidagraph software. The secant modulus is 
defined as the ratio of the stress range to the strain range, which in this study 
was calculated over the maximum applied load. Fatigue damage accumulation 
within the material was characterised by the decrease in secant modulus and the 
increase in dissipated energy with number of cycles. 
 
Figure  3.6  Calculation of material response (hysteresis loop)and secant modulus 
under fully reversed cyclic loading (tension-compression) 
 
 
3.3.7 Calculation of Principal Stress and Maximum Shear Stress 
The principal stress criterion is used when the principal stress axes coincide with 
the principal material axes and the maximum shear stress criterion is used when 
failure are dominated by shear stress. 
The general expression of the axial stress (σx) and shear stress (τxx) under 
sinusoidal loading can be given as: 
( )txtx ωpiσσ 2sin)0()( =
 Equation  3.11 
 and 
Area= hysteresis 
energy 
Secant modulus Tangent 
modulus 
 
 
Strain (%) 
Stress (MPa) 
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         Equation  3.12 
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shear stresses and Pmax and Tmax are the maximum axial and torsional loads. 
The principal stresses, (σ1,2) and maximum shear stress (τmax) can be calculated 
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The variations in the axial and shear stresses over one cycle are shown in 
Appendix A3 under the various combinations of axial stress, shear stress and 
phase angle shown in Table  3.1 
3.3.8 Tsai-Wu Parameter 
The Tsai-Wu criterion requires three constants and accounts for differences in 
tensile and compressive strengths. Tsai-Wu criterion’s basic assumption is that 
there exists a scalar failure surface, IF in the stress-space (Tsai and Wu, 1971) 
where: 
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1FFI ijiF =+= jii σσσ
 Equation  3.17 
 
Where Fi and Fij are strength tensors of the second and fourth rank, respectively 
and the usual contracted stress notation is used (s4 = t23, s5 = t31 and s6 = t12). 
For anisotropic materials, the equation 3.17 reduced to: 
1F2FFFFFF 2112
2
666
2
222
2
111662211 =++++++ σσσσσσσσ
 Equation  3.18 
 
As the shear strength in principal material coordinates is independent of shear 
stress sign, thus F6= 0, and test condition used in this study give s1 as axial 
stress, s6 as shear stress, while s2 = 0, so the equation 3.18 reduces to: 
1FFF 2666
2
11111 =++ σσσ
 Equation  3.19 
 
Where IF IS Tsai-Wu constant (IF=1 for failure) and F1, F11 and F66 have the 
following values,  
F1 =1/Xt – 1/Xc Equation  3.20 
 
F11 =1/(Xt Xc) Equation  3.21 
 
F66 =1/S
2  Equation  3.22 
 
Where Xt is ultimate tensile strength, Xc is ultimate compressive strength, S is 
ultimate shear strength. 
 
 
CHAPTER 4 - UNIAXIAL FATIGUE 
4.1 INTRODUCTION 
The first section of the experimental work focussed on optimising the fabrication 
so that specimens suitable for the fatigue studies could be produced. Previous 
work had established the fabrication parameters (Bleach et al. 2000, Kellomaki, 
1997) but it soon become apparent that many variables affected this process and 
work was required to standardise the procedure. One important factor to 
consider when compression moulding pre-preg is moulding temperature. Logic 
indicated that this temperature should be above the melting temperature of the 
matrix (PLA70) in order to ensure it can flow fill in the voids between the fibres, 
yet at the same time lower than melting temperature of the fibres (PLA96) to 
ensure that structural integrity of the fibres was not compromised. DSC (Section 
3.2.2) was used to establish the melting ranges of the matrix and fibres and help 
choosing the compression moulding temperatures. SEM was also used to assess 
the impregnation of the matrix around the fibres after compression moulding.  
From the DSC results, moulding temperatures of 140°C and 150°C were chosen 
to study the effect of the moulding temperature on the uniaxial fatigue 
behaviour. All specimens were tested to failure in tensile, compression and 
torsion to determine their initial mechanical properties such as yield, ultimate 
stresses, moduli and strain to failure. Uniaxial fatigue tests were carried out in 
fully reversed tension-compression and torsion. In order to investigate the effect 
of the compressive loading to the fatigue lives, tension only fatigue tests were 
also carried out and compared with fully reversed uniaxial fatigue. SEM was used 
to study the fracture surfaces. 
4.2 METHODS 
The specimens used for uniaxial fatigue studies were compression moulded at 
140 (T140) and 150°C (T150) using the methods described in Section 3.2.3. Prior 
to the testing, the density of each specimen was measured as describe in Section 
3.2.4 followed by quasi-static testing as described in Section 3.3.2, in order to 
obtain mechanical properties such as yield and ultimate stresses, moduli, strain 
at yield, strain at ultimate strengths and strain at failures in tension, 
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compression and torsion. Uniaxial fatigue testing was then carried out at ±25% 
(25A, 25T), ±50% (50A, 50T) and ±75% (75A, 75T) of UTS (A) or USS (T) and at 50% 
of UTS for tension only testing. All tests were carried out at the approximately 
percentage of their individual ultimate strength. Fatigue damage analysis was 
then carried as described in Section 3.3.6 for fatigue life, reduction in secant 
modulus and increase in energy absorbed and fracture surface. Fracture surfaces 
were observed using optical and scanning electron microscopy as described in 
Section 3.3.5. 
4.3 RESULTS- MATERIALS CHARACTERISATION 
4.3.1 Compression Moulding Temperatures 
The range of glass transition and melting temperature for the PLA70 matrix and 
PLA96 are shown in Table 4.1. Tm onset is the temperature when the melting 
peak starts, while Tm end is the temperature at which the melting peak ends. Tm 
peak represent the temperature at maximum exotherm. The DSC results 
indicated that the melting range of the matrix was between 90 and 130°C and 
the melting range of the fibres was between 139°C and 178°C. These 
temperatures were used to choose the compression moulding temperature 
where the matrix would melt but not the fibres.  
Table  4.1 Glass transition and melting temperature range for the PLA70 matrix and PLA96 
fibres 
 
Material Sample Tg/ °C 
Tm 
onset/°C Tm end/°C 
Tm 
peak/°C 
PLA70  1 62.9 88.3 130.2 124.5 
Matrix 2 61.5 85.8 128.7 120.3 
 3 62.3 97.7 132.9 125.2 
 average 62.2 ≤ 0.7 90.6 ≤  6.3 130.6≤ 2.1 123.3 ≤ 2.7 
 
PLA96  1 62.3 143.2 188.8 180.1 
Fibres 2 64.0 132.6 177.3 178.9 
 3 64.8 142.8 183.3 177.3 
 average 63.7≤ 0.6 139.5≤ 5.2 183.1≤ 3.4 178.8≤ 0.9 
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4.3.2 Density Measurement 
Table 4.2 shows the densities of the composite moulded at 140°C (T140) and 
150°C (T150). Compression moulding temperature has no significant effect on 
the density of the samples. 
Table  4.2 Density of self reinforced PLA filled TCP 
Materials Conditions 
Mean Density ± S.D 
/Mgm-3 
Compression moulded unidirectional fibre 
at 140°C 1.295 ± 0.009 
Compression moulded unidirectional fibre 
at 150°C 1.297 ± 0.016 
 
 
4.4 RESULTS-MONOTONIC TEST 
4.4.1 Mechanical Properties 
Under tension, the specimens fractured slowly, all failures occurred at the end 
of the shoulder or in the gauge length, the main failure mode was fibre pull out 
indicating the strength of the individual fibres. This fracture surface is expected 
in tensile fracture of continuous fibres reinforcement composite. In 
compression, the specimens gradually bent and buckled; they collapsed, but did 
not fracture into separate parts. In torsion, white spiral marks (crazing) were 
observed around the surface of the gauge length, the specimens had not 
fractured at 140º rotation when the machine reached its maximum total 
rotation. However after being freed from the testing grips, it was noticed that 
the specimens were slightly bent, probably due to release of plastic strain. 
Figure  4.1 shows typical stress-strain curves for T140 and T150 loaded in tensile, 
compressive and torsional tests in saline solution at 37ºC. The ultimate 
mechanical properties are shown in Tables 4.3 and 4.4. Under tension, the 
materials displayed ductile behaviour and fractured with substantial amounts of 
yield. During the regions after the yield, the fibres were gradually pulling out 
from the two grip sections. When moulded at 140 ºC, the material had a long 
region of approximately constant stress while the strain reached 50%. On the 
other hand, when moulded at 150 ºC, after the initial yield point, the sample 
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continued to support an increasing strain up to 45% strain and then again failed 
gradually.  
In compression, the elastic behaviour was similar to that seen in tension. The 
ultimate compressive strength was reached and material started to fail until it 
finally fractured by buckling and collapsing increasing the compressive 
displacement. The compression curves had similar shape for T140 and T150 
specimens. 
For torsional testing, USS was reached at shear strain of about 3%. Thereafter, 
once the material started to yield, the shear stress decreased, but with the 
specimen size and shape used, the rotation needs to be more than 140º to give 
16% strain, the total rotation that available with the mechanical testing machine 
used. As shown in compression testing, the shapes for stress-strain curves in 
torsional testing are also similar for both T140 and T150 specimens.  
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Figure  4.1 Stress strain curve of PLA-PLA-TCP tested at 37ºC in saline 
a) moulded at 140ºC b) moulded at 150ºC 
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Table  4.3 Quasi-static results of 140ºC moulding temperature 
 
Test mode 
Initial 
Max 
Stress 
(MPa) 
Ultimate 
Stress 
(MPa) 
Modulus 
(GPa) 
Strain  
at Yield 
 (%) 
Strain at 
Ultimate 
Stress 
(%) 
Strain at 
failure (%) 
Tension 81.90 
(±3.14) 
100.61      
(±4.97) 
5.33     
(±0.02) 
2.02 
(±0.10) 
33.36    
(±6.36) 
56.34      
(±8.72) 
Compression 81.67  
(±2.06) 
81.67    
(±2.06) 
5.96     
(±0.52) 
1.67     
(±5.4) 
1.67     
(±5.4) 
2.34        
(±0.5) 
Torsion 26.10 
(±5.61) 
26.10 
(±5.61) 
1.43     
(±0.05) 
1.99     
(±0.46) 
1.99      
(±0.46) 
 
>16 
 
Table  4.4 Quasi-static results for 150ºC moulding temperature 
 
Test mode 
Initial 
Max 
Stress 
(MPa) 
Ultimate 
Stress 
(MPa) 
Modulus 
(GPa) 
Strain at 
Yield 
 (%) 
Strain at 
Ultimate 
Stress 
(%) 
Strain at 
failure (%) 
Tension 97.93  
(±6.56) 
139.77 
(±11.58) 
6.36 
(±0.11) 
3.04 
(±0.81) 
43.62 
(±4.33) 
66.34      
(±6.75) 
Compression 108.11 
(±3.44) 
108.11 
(±3.44) 
6.03    
(±0.19) 
2.23 
(±0.19) 
2.23 
(±0.19) 
4.01        
(±0.42) 
Torsion 26.49 
(±4.32) 
26.49 
(±4.32) 
1.20     
(±0.12) 
3.47 
(±1.85) 
3.47 
(±1.85) 
>16 
 
Changes in mechanical properties of the composite due to effect of the moulding 
temperature can be considered by comparing the results in Tables 4.3 and 4.4. 
At the higher moulding temperature of 150ºC, the material is stronger in both 
tension (p<0.05) and compression (p<0.05). The moduli in tension and 
compression are also increased but the difference was not statistically 
significant. The T150 composite also more ductile with higher strain at failure 
under both tensile and compressive loads (p<0.05). In torsional loading, the 
material was also slightly stronger with increased of moulding temperature but 
no significant differences were observed in the shear moduli. The higher 
properties in specimens moulded at 150ºC are thought to be due to better 
fibre/matrix adhesion as at the higher moulding temperature which allows 
better impregnation of the fibres bundles by the matrix. SEM examination 
confirmed that for specimens moulded at 140ºC and 150ºC, better consolidation 
and fewer gaps between the fibres were seen in the materials moulded at 150ºC 
(Figure  4.2).  
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(a) moulding temperature of 140°C 
 
(b) moulding temperature of 150°C 
 
Figure  4.2 SEM image of pre-pregs moulded at a) 140°C and a) 150°C moulding temperatures 
showing better consolidation of the fibre/matrix at higher moulding temperature (Scale bar= 
100µm) ( SEM images from Dr Wojciech Chrzanowski) 
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Based on the results obtained in investigation the effect of the compression 
moulding temperature on the initial mechanicals properties, a moulding 
temperature of 150°C was used to study the fatigue behaviour of composite in 
both uniaxial and biaxial loading and effect of degradation on the fatigue 
behaviour. For the comparison study the effect of moulding temperature on the 
fatigue behaviour of composite, moulding temperatures of 140°C and 150°C 
were used and the specimens were tested in uniaxial tension–compression and 
tension only loading.  
4.4.2 Fractography 
Tensile failure 
Initial optical microscopic observation on the fracture surface of the tensile 
quasi-static tests showed that the samples failed in a similar manner, therefore 
only samples moulded at 150°C (T150) were examined under SEM. Both 
specimens showed a similar fracture surface with fibre pull-out, indicating a 
ductile failure consistent with the high tensile strain to failure of the material 
(Figure 4.3). The fibre failure has occurred at various levels with extensive pull-
out of the fibres from the PLA70 matrix. Figures 4.3b and 4.3c show extensive 
fibre drawing indicating ductile fracture, which is a typical fracture mode in long 
fibre composites. Figure 4.3d shows that surface of the fibres were covered in 
matrix with exposed of TCP particles indicating interfacial failure. Figure 4.3e 
displays the broken fibre with distinct fracture point, v-notch opening and 
progressing to the unstable fracture orthogonal to the fibre axis. The roughness 
of the surface indicates intensive plastic deformation of the drawn PLA chains 
and suggests that the final fracture has occurred due to the failure of the 
polymer network.  
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(a) 
 
(b) 
 
(c) 
(d) (e) 
Figure  4.3 Fracture surface of tension tested PLA-PLA-TCP composite moulded at 150°C 
(a) general view (b)-(c) closer view of the drawn fibres; (d) exposed TCP particles at the 
bottom of fibres; (e) sharp fracture surface of the individual fibre with exposed TCP particles 
in the matrix. (Scale bars (a) 5mm); (b)-(c) 200 µm; (d) 2 µm) (e) 10 µm) 
 
 
Fracture initiation and 
propagation 
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Compressive Failure 
As the compressive force gradually increased, the specimen buckled, putting one 
side into compression and the opposite side into tension. The Euler buckling 
loads were calculated to be approximately 656N and 965N, corresponding to 
uniform compressive stress of about 70MPa and 100MPa, for specimens moulded 
at 140°C and 150°C (Appendix A2). The samples failed as the result of buckling 
without fracture indicating the ductile characteristic of the materials. The 
general view of the fracture morphology is show in Figure  4.4a. Despite 
increases in strength and strain in samples moulded at higher moulding 
temperature, both specimens showed similar failure. 
Figures 4.4d and 4.4e show higher magnification views of the fracture surfaces 
with plastic buckling in both samples. Failure was initiated due to intrafibrillar 
failure, leading to kink band formation in the matrix. The fibre kinking occurs at 
multiple locations throughout the matrix (Figures 4.4b and 4.4d). The 
accumulation of the kink bands created the transverse tensile stresses that 
caused the longitudinal splitting of the sample, which can be observed in Figures 
4.4c and 4.4e.  
Figures 4.5 shows the cross sections of the non-tested specimen, while Figure 
4.6 shows cross sections of the composite after subjected to the compression 
loading. Figure  4.5a shows the cross section of the composite across the fibre 
direction while Figures 4.5b and 4.5c show the cross section parallel to the 
fibres direction. Upon subjected to the compression loading, the fibres buckled 
thus triggered formation of the kink band across specimen, lead to crack 
propagation in the transverse direction to the fibre and final failure due to 
failure of the matrix-fibre interface (Figure 4.6) 
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(a) 
(b) (c) 
(d) (e) 
Figure  4.4  Surface of compression tested PLA-PLA-TCP composite (tested at 37°C in saline) 
(a) general view of compression fracture of samples moulded at 140°C (T140) and 150°C; 
(b)–(c) closer view of  fracture surface of samples moulded at 140°C; (d)-(e) closer view of  
fracture surface of samples moulded at 150°C. (Scale bars (a) 5mm; (b) 300 µm; (c) 20 µm; 
(d) 200 µm; (e) 20 µm) 
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(a) 
 
(b) 
 
(c) 
Figure  4.5 SEM of cross section of untested composite moulded at 150°C. 
(a) cross section view of fibres (dark) surrounded by matrix (lighter); (b) longitudinal (c) 
fibre/interface showing the distribution of the fibres in matrix and the uniform dispersion of 
the TCP particles in the matrix. (Scale bars (a) 100 µm; (b) 20 µm; (c) 2 µm) 
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(a) (b) 
(c) (d) 
 
(e) 
Figure  4.6  Cross sections of compressive loading fracture regions 
(a) general view of the concave side; (b) crack propagation across the fibre in transverse  
direction; (c) internal kink band formation; (d) fibre kink bridging the internal split between 
the bundled fibres (e) vertical crack propagation. (Scale bars (a) 100 µm; (b) 20 µm; (c) 100 
µm; (d) and (e) 20 µm) 
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Torsion 
Figure  4.7 shows a surface of a specimen moulded at 150°C that underwent 
monotonic torsion testing.  As the moulding temperature moulding did not 
produce significant differences in torsion properties, only a sample moulded at 
150°C was observed under SEM. Even though the sample did not fracture into 
separate parts after 140º rotation, a significant number of crazes (white spirals) 
running around the specimen parallel with the fibre direction are visible, the 
whitening is due to drawing of the PLA–TCP matrix.  Part of the fibre breakage 
also visible under microscopy as shown in Figure  4.7a. A closer view of a craze is 
shown as a spiral crack, formed by drawing of the PLA –TCP matrix, run around 
the specimen in the direction of shearing in the form of twisted lines (Figures 
4.7b and 4.7c). 
A clear damage at microscopic level is displayed in Figure  4.7d, where the 
separation between the fibres and the matrix has occurred due to shear 
fracture. Figure  4.7e shows more severe form of damage where a spiral crack, 
formed by drawing of the PLA fibres that eventually lead to fracture of the 
fibres, runs around the specimen in the direction of shearing. 
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(a) 
 
  
(b) (c) 
 
 
 
(d) (e) 
 
Figure  4.7 Surface of a torsion tested PLA-PLA-TCP composite (tested at 37°C in saline) 
 (a) twisted crack line; (b)-(c) closer view of the craze marks; (d) spiral longitudinal damages 
due to twisting and (e) fibres drawing due to shear failure (scale bar  (a) 1 mm; (b)-(c) 200 
µm; (d)-(e) 20 µm) 
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4.5 RESULTS - UNIAXIAL FATIGUE TESTING 
4.5.1 Analysis of Effect of Moulding Temperature on Uniaxial 
Damage 
The data shown in Tables 4.3 and 4.4 were used to calculate 25%, 50% and 75% 
of UTS and USS for both T140 and T150. These are shown in Table  4.5. 
Table  4.5 The stress levels of PLA-PLA-TCP composite with different moulding temperatures 
 % UTS (MPa) 
 
% USS (MPa) 
 
 
25% 50% 75% 25% 50% 75% 
140°C (T140) 25.15 50.30 75.46 6.52 13.05 19.57 
150°C (T150) 39.94 69.88 104.82 6.62 13.24 19.86 
 
The S-N curve for axial and torsional fatigue of composite moulded at different 
temperatures as a percentage of the ultimate strength in that direction is shown 
in Figure  4.8 while the results in terms of stress are shown in Figure  4.9. Despite 
the differences in the ultimate strengths for tension and torsion, the S-N curves 
for the two loading directions appear to be similar.  In axial fatigue, as 
expected, specimens moulded at higher moulding temperature have increased 
fatigue life. This is consistent with the findings of the quasi-static tests. 
However, no significant effect of the moulding temperature on the fatigue life in 
torsional was observed. For material moulded at both temperatures, torsional 
loading lead to earlier failure than tension-compression loading even when 
considered as a percentage of the ultimate strength. When the actual stress 
levels are considered, the T150 specimens have slightly increased fatigue life 
compared to T140, but there is no obvious effect on the torsional fatigue life. 
The increase in axial fatigue life would be expected from the increased axial 
strengths at 150°C moulding temperature compared to 140°C (Tables 4.4 and 
4.5). The torsional strength was not affected and the torsional fatigue lives were 
also not affected. 
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b) 
Figure  4.8 S-N curves for fully reversed axial and torsional fatigues plotted in terms of 
percentage of ultimate strength for (a) 140°C moulding temperature (b) for 150°C moulding 
temperature  
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Figure  4.9 S-N curves for axial and torsional fatigue plotted in terms of stress for 140°C and 
150°C moulding temperature 
 
Figures 4.10 and 4.11 show the axial and torsional hysteresis loops respectively 
after various numbers of cycles for composite moulded at 140°C (T140). The 
hysteresis loops were regular and symmetrical at the start of loading for all load 
levels and in both loading directions. At ±25% UTS, the loops start to open up 
after 500,000 cycles, and at ±50% UTS from 10,000 cycles. The loops become 
non-symmetrical as the modulus reduces, the effect is greater in the 
compressive phase than tensile phase, which is indicative of the different 
mechanical response to tension and compression. As the number of cycles 
increases, the material becomes more damaged and this is reflected by the 
increasing amount of hysteresis seen by the increasing area inside the loop 
(energy absorbed), in addition to the modulus decreasing. In comparison to axial 
fatigue, the torsional hysteresis loops were smaller and more inclined at 
equivalent stress levels, the loops are less open at the start of testing than the 
axial loops. 
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Figure  4.10 Hysteresis loops for axial tension-compression fatigue (at 140°C moulding 
temperature) 
(a) ±25%UTS (b) ±50%UTS (c) ±75%UTS 
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Figure  4.11 Hysteresis loops for torsional fatigue (at 140°C moulding temperature) 
±25%USS (b) ±50%USS (c) ±75%USS 
a) 
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From these graphs, the energy absorbed per load cycles and secant moduli for 
axial and torsional fatigue were calculated and are shown in Figures 4.12 and 
4.13 respectively. As the applied stress increases, the secant modulus is reduced 
due to the larger strain range and the hysteresis loops also increase in area 
indicating increased absorbed energy. With the increasing number of cycles, the 
materials become more damaged, as shown by increasing energy absorbed and 
decreasing modulus. At ±25% UTS, the modulus start to drop at 104 cycles 
however the energy absorbed remain fairly constant. At ±50% UTS, the moduli 
was retained up to 103 cycles and the damage became apparent thereafter. At 
±75% UTS, the damage become apparent as early as first 10 cycles observed with 
the increase in the energy absorption and degradation in modulus. In general the 
energy absorbed per load cycle increases before the secant modulus start to 
decrease.  
In torsional fatigue, at ±25% USS, the modulus starts to drop after 104 cycles, but 
the energy absorbed remains constant up to 2x105 cycles and then shows a slight 
increase. For ±50% USS, the modulus and energy absorbed remain constant up to 
102 cycles before damage accumulation become apparent.  For ±75% USS, 
damage accumulation starts as early as from 10 cycles. The energy absorbed 
increased at approximately the same point where the modulus starts to drop. 
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Figure  4.12 Variations in a) secant modulus b) energy absorbed for axial fatigue with number 
of load cycles (at 140ºC moulding temperature) 
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Figure  4.13 Variations in a) secant modulus b) energy absorbed for torsional fatigue (at 
140°C moulding temperature) 
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Figures 4.14 and 4.15 show the axial and torsional hysteresis loops respectively 
after various numbers of cycles for composite moulded at 150°C (T150). Again 
the hysteresis loops were regular and symmetrical at the start of the loading at 
all load levels and in both loading directions. At ±25% UTS axial loading, the 
axial loop are regular in the beginning, however they started to open up after 
500 000 cycles, while at ±50% UTS this occurred as early as 1000 cycles. Similar 
to T140 specimens, the modulus reduces more in the compressive phase than the 
tensile phase, which is indicative of the different mechanical response in tension 
and compression. As the number of cycles increases, the materials become more 
damaged and this is reflected by the increasing of area inside the hysteresis 
loops, which is energy dissipated, in addition to the decreases in the modulus. 
The torsional hysteresis loops were similar to those for T140 specimen, where it 
was smaller and more inclined at equivalent stress levels in comparison to axial 
hysteresis loop, and even at start of cycling.  
It can also be seen from Figures 4.14 and 4.15 that the hysteresis loops gradually 
shift along the x-axis, indicating dynamic creep in the material. Due to the fully 
reversed nature of the fatigue applied, each load cycle resulted in a tensile and 
a compressive strain. In the case of axial tension-compression fatigue, final 
fracture is determined by the maximum compression strain. The strain range is 
relatively constant at the beginning of cycling. For axial loading, strain increased 
in the compression direction, which is the weaker direction in monotonic 
testing. In torsion, the stress and strain regime should be totally symmetrical, 
but some creep occurred during testing. However, the loops remained 
symmetrical throughout torsional fatigue. From the observation, the direction of 
creep depended on the gripping of the specimens prior to testing. The creep is 
thought to be from any slight misalignment of specimens around the longitudinal 
direction of the grips at start of the test, despite the efforts made to ensure 
that the samples were aligned with the test machines axis. It is difficult to 
ensure samples are absolutely aligned given that the grip alignment and sample 
gripping are done by hand.  
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Figure  4.14 Hysteresis loops for axial tension-compression fatigue (at 150°C moulding 
temperature) 
(a) ±25%UTS; (b) ±50%UTS; (c) ±75%UTS 
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Figure  4.15 Hysteresis loops for torsional fatigue (at 150°C moulding temperature) 
±25%USS (b) ±50%USS (c) ±75%USS   
a) 
Chapter 4 Uniaxial Fatigue 134 
 
The variations of energy dissipated and secant modulus for specimens moulded 
at 150°C (T150) are calculated and shown in Figures 4.16 and 4.17 respectively. 
As the applied stress increased, the secant modulus reduced due to the larger 
strain range and hysteresis loops are also become larger indicating increased 
absorbed energy. As the number of cycles increased, the materials become more 
damaged, as shown by the increasing energy absorbed and the modulus 
decrease. For ±25% UTS and ±25% USS, the modulus start to drop after 100,000 
and 50,000 cycles, but the energy absorbed remain fairly constant. For ±50% UTS 
and ±50% USS, the modulus and energy absorbed remain constant up to 100 
cycles, but damage accumulation become apparent from then on.  For ±75% UTS 
and ±75% USS, damage accumulation starts as early as 10 cycles. 
Closer comparison of the effect of the temperature moulding on the energy 
absorption and degradation of modulus of the composite after ±25% USS fatigue 
test is shown in Figure  4.18. As number of cycles to failure progress, similar 
trends were observed in both T140 and T150 specimens in term of degradation of 
the modulus. However, T150 showed less and slower energy absorption in 
comparison to T140. Similar behaviour was also observed at ±50% USS and ±75% 
USS.  
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Figure  4.16 Variations in a) secant modulus b) energy absorbed for tension-compression 
fatigue (at 150°C moulding temperature) 
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Figure  4.17  Variations in a) secant modulus b) energy absorbed for torsional fatigue (at 
150°C moulding temperature) 
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Figure  4.18 Variations in energy absorbed and secant modulus with moulding temperature of 
self reinforced PLA filled TCP composite tested at ±25% UTS 
 
 
4.5.2 Analysis of Effect of Loading Mode on Axial Fatigue 
Damage 
Figure  4.19 compares the fatigue lives of composites that have been moulded at 
different temperatures loaded in tension only with fully reversed tension-
compression. It should be noted that the testing was carried out at different 
stress level, which were 50% of the relevant UTS values, which is 50 MPa for 
T140 and 69.5 MPa for T150 respectively. Thus, the testing for 140°C samples 
were either 0 to 50 MPa or ±50 MPa, while for specimens moulded at 150°C, the 
stresses were 0 to 69.5 MPa or ±69.5 MPa.  
For composite compressed moulded at 140°C, the addition of compression 
loading significantly reduced the fatigue life by approximately 89.7% (p<0.05), 
from 197,461 (±94,216) to 20,188 (±4,792) cycles to failure. A similar finding was 
observed when tested the composite at moulded at higher temperature of 
150°C, the effect of compression loading reduced the cycles to failure by 
95.19%, from 35,031 (±32,261) to 1,800 (±1,166).  
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Figure  4.19 Effect of loading mode on fatigue lives of composite moulding at 140°C (T140) 
and 150°C (T150) 
 
Figure 4.20a shows the hysteresis loops for tension only fatigue for T140. When 
compared to the fully reversed testing shown in Figure  4.10b, the loops for T140 
in tension only were open from the start of loading however they remain fairly 
constant up to 10,000 cycles, thereafter the area inside the loops starts to 
increase in combination with a decrease in the modulus. 
For T150, when comparing the hysteresis loops in Figures 4.14b and 4.20b, the 
loops for the first 100 cycles were smaller in tensile only fatigue test compared 
to tension-compression fatigue. While the loops for tension-compression loading 
started to open up after 100 cycles, tension only fatigue loops remain constant 
till approximately 10,000 cycles before the damage become more apparent. The 
hysteresis loops for both T140 and T150 tensile only fatigue shifted along the 
strain axis as testing progresses indicated tensile creep occurred during the test.  
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Figure  4.20 Hysteresis loops for uniaxial tension only fatigue 
 with different moulding temperature (a) +50% UTS 140°C (b) +50% UTS at 150°C  
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Figure  4.21 shows the variations in the secant modulus and energy absorbed for 
both materials moulded at 140°C and 150°C in tensile only fatigue test in 
comparison to fully reversed tension-compression fatigue both at 50% UTS. For 
T140 specimens, the modulus in tension only fatigue is constant till 500 cycles, 
after which the reductions become apparent.  However the modulus reduces 
prior to increase of the energy absorbed indicating that failure was initiated by 
fibre breakage. Subsequent load cycles lead to crack propagation in the matrix, 
which can be observed with increases in the energy absorbed per load cycle.  
From 3,000 cycles to 10,000, the energy absorbed was constant while the 
modulus continued to decrease. This probably due to slowing of the crack 
propagation caused by a crack blunting mechanism.  Inefficient crack arrest 
mechanisms led to further crack propagation in the matrix which can be 
observed by steady reductions in the modulus and increases in the energy 
absorption. In comparison with addition of the compression loading, the secant 
modulus drops from as early as the first 10 cycles indicating that the damage has 
already started. The increase in energy absorbed becomes more apparent after 
100 cycles in comparison to 2000 cycles for the tensile only fatigue. As loading 
continued, the energy dissipation increased dramatically after 1,000 cycles, 
while at the same time, a reduction in the modulus was observed. This indicates 
that the compression damage was dominant at this stage, which caused rapid 
crack propagation as observed as increasing energy absorbed. 
Figure  4.21b shows similar behaviour for T150 specimens.  The energy absorbed 
in the first 10 cycles of tension-compression and tension fatigue is fairly constant 
while a slight reduction in the modulus was observed. However, it is noteworthy 
that up to this number of cycles, both secant modulus and energy absorbed for 
tension-compression and tension only are similar, indicating that the damage 
produced by the compressive stress has not yet become apparent. In comparison 
to the tensile only loading, energy absorbed in tensile-compression loading 
increases rapidly after 10 cycles indicating at this stage the compression damage 
has started to dominate the fatigue behaviour of the composite. However, the 
energy absorbed for the tension-compression increased prior to reduction in the 
modulus indicating that the composite was still able to retain stiffness despite 
increasing damage.  The deleterious effect of the compression mode becomes 
apparent after 200 cycles as the secant modulus starts to reduce but not 
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statistically significantly, while energy absorbed increased significantly (p<0.01) 
in comparison to the testing in tension only indicated severe degradation of 
composite strength from this point leading to failure.  
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b) 
Figure  4.21 Variations in secant modulus and energy absorbed at 50%UTS uniaxial tension 
only and ±50% fully reverse tension compression fatigue for moulding temperature of (a) 
140°C and (b) 150°C  
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4.5.3 Fractography 
Figures 4.22 and 4.23 show the fracture surfaces of specimens moulded at 140°C 
that failed under ±25%UTS and ±50% UTS respectively. At ±25% UTS, the crack 
propagation started at the weakest side of the specimen which resulting sharp 
fracture surfaces of the broken fibres, some bundled together (Figures 4.22b and 
4.22d). Figure  4.22f reveals the smooth surfaces of the ends of fractured fibres, 
which are still quite well bonded to the matrix. The TCP particles are also visible 
on the matrix surface, some shown by pits left behind in the matrix. Figure 
 4.22c shows some fibre kink bands evident of plastic buckling of the specimen. 
Accumulation of the kink bands in the samples also produced sufficient 
transverse stresses to lead to longitudinal splitting of the matrix as observed in 
Figure  4.22g. 
When tested at the higher stress, the specimen fractured in a different manner 
as shown in Figure  4.23a.  Instead of the failure initiating at the weakest side of 
the specimen surface seen in Figure  4.22a, the failure mechanism appeared to 
start from the centre, due to axial delamination that caused the fibres to open 
up and lead to plastic buckling failure. Cross section examinations show that the 
stress caused the fibres to split apart in the centre, initiating kink bands in 
multiple directions, propagating along the axis of the specimen and causing the 
fibres to separate from each other in a brush like manner (Figures 4.23b and 
4.23c). This axisymmetic failure mode indicated that specimen moulded at 
140°C has poor interfacial bond between the fibres as expected. Also the lower 
moulding temperature may have produced less melting and thus poorer bonds in 
the centre of the sample compare to the surface as the matrix phase may have 
not reach melt temperature. Figure  4.23d shows the internal compression failure 
that split the fibres bundles in the middle of the specimen. During tension-
compression fatigue testing, transverse tensile stresses were generated when 
the specimen in the compressive phase. This caused failure between the fibres 
either at fibre-matrix interfaces or longitudinally at the matrix-TCP interfaces. 
This failure was confirmed by higher magnification view of cross section of the 
fractured specimen (Figure  4.23e). It can be observed that the crack propagates 
thorough the interfaces between the fibres and travels along the axis of the 
specimen causing the fibres to split apart.  Figures 4.23f and 4.23g show higher 
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magnification examination and reveal gaps between the fibres suggesting poor 
attachment between the fibres and the matrix. 
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(a) 
  
(b) (c) 
  
(d) (e) 
  
(f) (g) 
Figure  4.22 Fracture surface damage by tension-compression ±25% UTS fatigue for a sample 
moulded at 140°C 
(a)  general view  of sample  fracture; (b) fibre bundle fracture; (c) kink bands in fracture 
fibres (d)-(e) fibre fracture at crack start and end path of crack propagation path; (f) end of 
fibre fracture and (g) fibre kinks inside longitudinal split of matrix (scale bars = (a) 5 mm; 
(b),(c) &(g) 100µm; (d) 20µm; (e) 10µm; (f) 2µm) 
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(a) 
  
(b) (c) 
  
(d) (e) 
  
(f) (g) 
Figure  4.23 Fracture surface damage by ±50% UTS fatigue for a sample moulded at 140°C 
(a) general optical view of sample fracture; (b) –(c) SEM  micrographs showed kink band 
formations on lower and upper side of the specimen; (d)  fibre split at the centre of 
specimen; (e)  closer view of crack travelling path (f)-(g) gap between the fibres at the fibre 
buckled line (scale bars = (a) 2mm; (b) 100µm; (c) 500µm; (d) 20µm; (e) 10µm; (f) 20µm and 
(g) 10µm) 
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Figures 4.24 and 4.25 show the fracture surfaces of specimens moulded at 150°C 
that failed under ±25% UTS and ±50% UTS fatigue loading respectively. Figure 
 4.24a shows the general view of the fatigue specimen at the lower stress level, 
indicating that the fracture started at one side and progressed slowly toward the 
centre of the specimen where the final fracture took place. At the same time, 
longitudinal splitting can be seen on the specimen surface suggesting the failure 
resulted from multiple kink bands created by internal stresses inside the 
specimen during the testing. Figures 4.24b and 4.24c show the fibres were drawn 
out during the process resulting in a staggered fracture surface indicating slow 
crack propagation as more energy was used to draw the fibres out. Higher 
magnification revealed that the fibres have rough fracture surfaces consistence 
with ductile failure. The rough fractured surface also covered with matrix 
indicated good interface bonding had been achieved during moulding process 
and the presence of the TCP on the fibres surface indicated failure occurred at 
matrix-fibre interface. As the specimen did not break into two separate pieces, 
the crack path was assumed to have started from weakest side indicated by the 
broken fibres propagated toward unbroken, but buckled, side as shown in Figure 
 4.24d in shear failure manner. A closer view of the interval fracture (Figure 
 4.24e) revealed a fracture propagation path halted in front of unbroken fibre, 
evident of crack arrest by a fibre bridging mechanism.   
At higher stress, the specimen showed similar failure mode to the specimens 
tested at ±25% UTS. Figure  4.25a shows the general view of the surface damage. 
With increased stress, rapid development of kink bands occurred which resulted 
in more severe damage of the fibre at fewer cycles. Figure  4.25b and Figure 
 4.25c show the crack path in the specimen. Internal fibre bridging was observed 
between the horizontal split of the specimen, most likely caused by transverse 
stress initiated by kink band formation (Figure  4.25d). Figure  4.25e shows 
transverse crack formation between the fibres indicating failure due to 
interfacial cracking. 
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(a) 
  
(b) (c) 
  
(d) (e) 
  
(f) (g) 
Figure  4.24 Fracture surface damage by tension-compression ±25% UTS fatigue for a sample 
moulded at 150°C 
(a)  general view of sample  fracture ; (b)-(c) drawn fibres with staggered fracture surfaces; 
(d)-(e) internal fracture surface indicating crack propagation path; (f)-(g) longitudinal 
splitting with fibres bridging. (Scale bars (a) 5mm, (b)100µm; (c) 20 µm; (d) 200µm; (e) 
100µm; (f) 100µm; (g) 10µm) 
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(a) 
(b) (c) 
(d) (e) 
Figure  4.25 Cross section of fracture surface damage by tension-compression ±50% UTS 
fatigue for a sample moulded at 150°C 
(a) general view  of sample  fracture; (b) –(c)  crack propagation in the matrix ; (d)  fibre 
bridge in the f fracture line; (e) transverse crack propagation. (Scale bars (a) =2 mm, (b)500 
µm, (c)-(d) 100 µm and (e) 20 µm) 
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Figure  4.26 shows the fatigue damage observed at ≤50% USS. The materials did 
not fracture into two separate pieces, again indicating the ductile nature of the 
fibres. The failure mechanism of the torsional fatigue is similar to the quasi-
static torsional testing, with longitudinal splits parallel to the fibres.  At high 
magnification (Figure  4.26c and 4.26d) extensive damage with fibre breakage 
and exposure of the TCP particles is seen which suggests that TCP particles were 
detached from the drawn PLA fibre and final fracture occurred due failure of the 
fibre-matrix interface.  
When tested in tension only, the specimens failed with brush-like rupture with 
multiple layers of fibrils indicated the fatigue failure influenced by weak 
interface and finally drawing and failure of PLA fibres (Figure  4.27a). At higher 
magnification defibrillation and decohesion mechanism of the reinforcing agent 
from the PLA70 matrix are clearly observed indicating ductile tensile failure 
behaviour (Figure  4.27b). At the same time, SEM examination revealed that 
there were a series of spiral crack on the specimen gauge normal loading axial 
which probably cause by effect of tensile stress on the matrix (Figure  4.27c). 
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Figure  4.26 SEM of fracture surface damage by torsional ±50% USS of a T150 moulded sample 
 (a) general view;  (b) matrix crack parallel to main axial fibre orientation (c) exposed TCP 
particles and (d) fibre fracture. (Scale bars (a) 100 µm; (b) 30 µm; (c) 10 µm; (d) 20 µm) 
 
 
 
Chapter 4 Uniaxial Fatigue 152 
 
 
(a) 
 
 
(b) (c) 
 
Figure  4.27 Fracture surface damage by tension only fatigue at (+150% UTS) of a T150 
moulded sample 
(a) optical general view of fracture surface; SEM (b) fibres fracture covered in matrix and 
defibrillation along the fibre axis and (c) debonding between matrix and fibres. (Scale bars 
(a) 200µm; (b) 10µm and (c) 20µm) 
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4.6 RESULTS - TENSILE TESTING OF UNIAXIAL 
FATIGUED SPECIMENS 
The tensile stress-strain curves of samples that had been fatigued to 1.5 million 
load cycles but had not failed together with non-fatigued specimens are 
illustrated in Figure  4.28. It can be seen that the fatigued specimens display 
similar characteristics to the non-fatigued, however the stresses have reduced. 
The mechanical properties are showed in Table  4.6. Compared to the non-
fatigued, the fully reversed ≤ 25% UTS axial fatigue tested samples showed 
significantly (p<0.05) reduced ultimate strength, but the reduction in modulus 
was not statistically significant. In term of failure strains, fatigued specimens 
were not significantly affected. These effects show the limited damage to the 
materials presumably occurring mainly in the composite matrix, rather than the 
fibres. 
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Figure  4.28 Tensile stress-strain curve of a non-fatigued and a  ±25% UTS fatigued specimen 
loaded for 1.5 million load cycles (tested at 37°C in saline) 
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Table  4.6 Monotonic tensile testing results for uniaxial fatigue specimens (at 37°C in saline) 
Fatigue  
Mode 
No of 
specimens 
Modulus 
/GPa 
Ultimate 
Stress/MPa 
Failure  
Strain/% 
Non-fatigued 5 6.36 ≤0.11 139.77 ≤11.58 66.34 ±1.75 
≤25% UTS 2 5.24 ≤1.36 107.85 ≤13.72 64.17 ±1.48 
 
 
 
4.7 DISCUSSION 
4.7.1 Effect of compression moulding temperature 
There are many factors in the compression moulding process that may influence 
the properties of the composite such as pre-preg lay–up, compression moulding 
temperature and pressure (Garmendia et al., 1995). Hou et al. (1996) reported 
that the number of voids and their size largely depended on the processing 
conditions. At higher moulding temperatures, the matrix was found to be less 
viscous as the viscosity of a thermoplastic is normally inversely proportional to 
temperature. Thus higher temperatures allow better impregnation of fibre 
bundles, resulting in increased consolidation. Voids in composites prevent 
efficient load transfer between fibres and matrix. Therefore, increases in 
moulding temperature, reduced the voids formation the composite, thus 
increase the mechanical properties. 
The compression moulding temperature is particularly important when moulding 
PLA-PLA-TCP pre-pregs since it should be high enough to ensure that PLA70 
matrix completely melts, but low enough to prevent the PLA96 fibre from losing 
properties. Hine et al. (1993) reported that hot compaction of the polyethylene 
fibres can be achieved by melting the surface of the fibres to allow them to 
coalesce. This approach allowed optimum properties of the composite to be 
maintained as the temperature used is high enough to melt to surface of fibres 
but low enough to avoid excessive melting of the fibres and loss of strength. A 
similar approach was taken by Bleach et al. (2001) in order to produce similar 
composite used PLA96 fibres in PLA70-calcium phosphate matrix. 
A different approach was taken by Tormälä et al. (1991) who produced fibre 
reinforced composite by compression moulding PLA fibres with no matrix but by 
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applying sufficient heat and pressure, they melted the outside layer of the fibres 
to give a matrix. Their specimens with reducing amounts of matrix from the 
outside to the centre of the composite as can be seen in Figure 2.7 in Chapter 2. 
Based on this finding, the compression moulding of the composite ideally should 
be above the start of the melting range of the fibres, but below the peak of 
melting temperature that is between 139°C and 178°C. 
4.7.2 Monotonic Testing 
The results showed that the composite is stronger in tension than in compression 
and torsion. The tensile and torsion loading directions are more ductile than the 
compressive which is typical in long continuous fibre reinforced composites 
(Shinozaki and Groves, 1973). Tensile modulus and the ultimate stress generally 
increased as the moulding temperature was increased with significant 
differences only between the values of ultimate tensile stress. The compression 
properties also showed a similar trend. However, there is no significant 
difference in the compressive modulus with these two moulding temperatures.  
The increases in mechanical properties are thought to be a result of better 
interaction between fibre and the matrix when the specimens were moulded at 
higher temperature. This conclusion is confirmed by SEM examination. Figure 
 4.2a shows that at a compression moulding temperature of 140°C, the pre-preg 
layers were still distinguishable and there were gaps between the fibres. Figure 
 4.2b shows that better interaction, closer compaction and fewer gaps between 
the fibres and matrix were observed in specimens moulded at 150°C. The may 
cause voids in the composite that may contribute to the lower mechanical 
properties. With the increase in moulding temperature, the matrix viscosity 
reduced thus allowing better flow between the fibres. Figure  4.5 shows cross 
section of T150 where nearly all the fibres surrounded by a thin layer of matrix, 
which would account for the increased mechanical properties. This finding was 
supported by Bleach et al. (2001) who produced similar composites. Their results 
showed similar trend in mechanical properties when moulded at higher 
temperature (150°C) compared to compression moulding at 130°C and 140°C. 
Capiati and Porter (1975) investigated the interfacial strength of polyethylene 
fibre-polyethylene matrix composites. They reported that the interfacial 
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strength originated from the epitaxial growth of the matrix from the melt onto 
fibres. However Lacroix et al. (1998) reported the opposite effect of the 
moulding temperature. The results of the mechanical properties of self-
reinforced polyethylene that being produced using pre-preg methods degraded 
with increased moulding temperature from 120°C to 140°C. However the 
melting temperature of the PE was in range of 120 to 130°C.  It was thought that 
the degradation in mechanical properties degradation was due to thermal 
damage of the fibres at higher temperature because of loss of molecular and 
crystalline orientation. Based on DSC results in this study, compression moulding 
at120°C or 160°C was not investigated, as these were below or above the fibre 
melt temperature. 
In general, the tensile fracture of continuous fibre composites is caused by fibre 
failure. Since the fibres have a distribution of strains to failure, some of the 
fibres will fail at sooner than others upon application of load. This fibre break 
will serve as initiation points for further damage. Longitudinal damage normally 
grows by debonding, matrix cracking or yielding, all of which are influenced by 
the fibre/matrix adhesion. Then, the nearby overloaded fibres fail leading to 
further damage till a complete composite failure occurred. Therefore, in 
composites with strong interfaces, the crack normally grows across the fibre, 
which resulted in separation of specimen with smother fracture surface. 
However, composites with weaker interfaces, the crack prone to travel along 
the fibre matrix interface via longitudinal cracking resulting in more fibre break 
and brush like surfaces (Gamstedt, 2003). On other hand, tensile failure of the 
particulate filled polymer composites such as the matrix in this composite is 
caused by the brittle failure mode of cavitation formation and crazing. This is 
normally dominated by the filler/matrix interfacial failure, as discussed by 
Fredrich and Karsh (1981). In this study, the material is a triphasic composite, 
consisting continuous fibres with particulate filler embedded in the matrix, 
therefore all factors may contribute to the failure mechanism. As tensile load is 
applied, the fibres pulled away from matrix and broke. The debond grows from 
the fibre fractures that lead to longitudinal damage with further debonding.  
With weak interfaces, the debonding will propagate along the matrix-fibre 
interfaces. SEM examination revealed abundant fibre fracture due to fibre 
drawing (Figures 4.3b and 4.3c) with some of the fibre fracture with distinct 
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fracture point, v-notch opening and progressing to unstable fracture orthogonal 
to fibre axis (Figure 4.3e) indicating ductile fracture. The interfacial strength 
between the PLA matrix and TCP, which embedded in the matrix is solely due to 
the mechanical interlock between the two phases. It was produced by the act of 
shrinkage between the matrix tricalcium phosphate particles during the cooling 
from the moulding temperature. Bleach et al. (2001) showed matrix and fibres 
have similar shrinkage during cooling as they are from similar materials, TCP 
however has lower shrinkage thus generating a tensile strength around it upon 
cooling.  The PLA fibres and matrix bonding on other hand are resulted from 
weak hydrogen bonds formed during the compression process. Some limited 
damage is also expected during pre-pregging as the fibres are slightly soluble in 
the acetone used, but this may be beneficial in promoting a bond between the 
fibres and matrix. Figures 4.3d and 4.3e show the fracturing and drawing of 
fibres with the surface covered in matrix with exposed TCP particles indicate 
interfacial failure at the matrix and fibres.  Schadler et al. (1992) observed the 
fracture of single carbon fibre in polycarbonate micro composites and showed 
that fibre strength may dominate the early damage behaviour but after fibre 
failure, the damage growth was dependent on the matrix.  
It is noteworthy that the values of quasi-static properties of tensile test of T150 
composite are higher than T140. This may be expected for the composite 
strength as it is largely depended on the fibre/matrix adhesion. While for the 
strain to failure, Gamstedt (1999) noted that the strains to failure of 
unidirectional composite are governed by strain to failure of the fibres. Since 
the same PLA96 fibres was used in specimens at moulding temperatures of 140 
and 150°C, the differences cannot be caused by batch to batch variations 
properties of the PLA96 fibres. 
Microscopic examination of compressive failure occurred by buckling, with Euler 
buckling loads found to be 80-90% of the ultimate compressive strengths for 
specimen moulded at 140°C and 150°C. The initial yield stress for T140 and T150 
were 80MPa and 97MPa respectively. Thus in compression, the failure could be 
initiated from tensile stresses produced by Poisson’s ratio effects in the matrix. 
The critical load calculated for the both of the specimens were within the range 
of the initial failure of the fibres. The specimen shape used in this study may not 
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be ideal for monotonic compressive testing as it has slender gauge. However, 
Ton That (2000) reported that the values obtained using the same standard were 
within reasonable agreement when compared to ASTM D695-85 standard 
specimens used by Saunders (1998).  
Lankford (1995) found that the most common failure mode in long fibre 
composite in compression failure was via shear crippling, which occurs at 
sufficiently large strains to cause the matrix to deform in a non-linear manner 
known as plastic microbuckling. This is normally associated with fibre kinking 
and buckling. Both compression specimens (T140 and T150) failed under same 
mode (Figure  4.4a). SEM examination showed that the fracture initiated at the 
weakest side due to fibre fracture, leading to formation of fibre kinks that cause 
interfacial debonding between the matrix and fibres (Figures 4.4b and 4.4d).  
Cross section examination revealed the crack initiated on the tensile side of the 
flexed fibres creating kink bands with further debonding toward the centre of 
the specimen where final failure occurred by plastic buckling (Figures 4.6a and 
4.6b). Longitudinal splitting was also observed on the specimen surface with 
visible fibre bridging at cracks which caused by transverse stress created in the 
matrix during the test (Figures 4.4c and 4.4e). While fibre/matrix adhesion does 
not affect the modulus results, the strength and strain to failure were sensitive 
to the interfacial strength as they both increased significantly with the increase 
of the moulding temperature. A similar finding was reported by Madzukar and 
Dzal (1992).   
Shinozaki and Groves (1973) studied the mechanical properties of highly 
orientated continuous fibre PP composites. They found that the low compressive 
yield stress is due to local buckling that may be caused by intermolecular or 
interfibrillar shear, where the compressive stress acts in the molecular direction 
that led to formation of kink bands. This finding was supported by Alcock et al. 
(2006) who studied high volume fraction highly oriented PP (>90%) composite. 
They showed that the failure of the composite in compression was caused by 
micro buckling, which occurred along shear planes in the unidirectional 
composite. The importance of the fibre-matrix interface adhesion in influencing 
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the tensile and shear behaviour in polymeric composite is well known in the 
literature and will be discussed further in the fatigue section. 
The material is reasonably ductile in torsion. Microscopic examinations in Figure 
 4.7a shows damage developed in the spiral direction. At higher magnification it 
can be seen that the damage mechanism was caused by splitting of the matrix 
parallel to the fibre direction (Figure 4.7e). A similar observation has been 
reported by Jelf and Fleck (1994) when studied the torsional behaviour of 
unidirectional carbon-fibre epoxy laminates.  
4.7.3 Effect of moulding temperature on uniaxial fatigue 
The S-N curve for fully reversed axial and torsional loading for both moulding 
temperatures show that the torsional fatigue life is less than the axial fatigue 
life at similar percentages of the appropriate ultimate strength, therefore, if the 
axial and torsional strains are plotted against the number of cycles, the shear 
strain is expected to be larger than the axial strain at a similar number of 
cycles. As the average cycles to failure for the lowest load level used in this 
experiment exceeded run out limit, therefore it was unable to identify a definite 
fatigue limit for the unidirectional self-reinforcement PLA –TCP composite. 
However, as two specimens moulded at 150°C (T150) showing a run out when 
tested at low level stress, the fatigue endurance limit may exist below 34.9 MPa 
for samples moulded at 150°C, although more tests at lower stress levels are 
needed to prove this.  Therefore when designing an implant which is to be 
cyclically loaded, a lower maximum stress is applicable than for static loading.  
As this is a tri-phase composite, there are two factors involved in the fracture 
toughness of the specimen, which are the influence of the filler and shape of 
both reinforcing materials, which in this composite is the long continuous fibre. 
All specimens (T140 and T150) failed in compression when tested in the tension-
compression fatigue loading. This finding is expected as quasi–static test results 
revealed that the composite has superior mechanical properties in tension 
compare to compression. 
It is noteworthy that the stress levels of the fatigue tests were carried out based 
on their individual properties from quasi-static tests as shown in Figure  4.9. In 
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general, T150 showed superior fatigue resistance to T140, which is as expected 
since with higher moulding temperature, provided better interfacial bonding 
between the matrix and fibres. This finding is concomitant with quasi-static 
results and expected from the literatures. 
At closer inspection revealed that at low stress level for T140, the mean fatigue 
lives is 732,404 cycles. It was expected that at 25% of UTS, T140 should also 
have non-fracture results as shown by T150. The lack of non-failure results 
obtained at the low stress level of 25% UTS for T140 are probably due to 
differences to the stress per volume in the specimens as these specimens had 
slightly longer, 20mm gauge length than the other samples. This testing was 
performed during optimisation of sample shape and lead to the reduction in the 
gauge length. Fracture strength of materials is influenced by pre-existing defects 
either microstructural in origin or introduced during the fabrication process. 
Parker (1957) studied the role of pre-existent cracks in failure of the bridge 
structures and summarised that the failure was influenced by the cracks that 
were present in the structure prior to use. Therefore in the light of this finding, 
it is reasonable to assume that specimens will fail as a consequence of the pre-
existing defects. It is also reasonable to assume that the probability of the 
failure is highly influence by the sample size, as higher volume or overall surface 
area of materials may contain more pre-existent defects. However this is not a 
new conclusion, Leonardo da Vinci showed over 500 years ago in his simple wire 
testing apparatus that longer wires are weaker compared to shorter sections 
(Parsons, 1939). This finding led to the conclusion that larger pieces of material 
will contain more critical defects than smaller ones that might influence the 
wire strength. Weibull analysis (1951) revealed that a certain component’s 
strength variability and its chances of survival is the function of its volume and 
the applied stress. Therefore low stress level fatigue of T140 showed that 
increasing stress/volume of the specimen decreased the fatigue lives of the 
composite as the probability of the component survival is reduced. However, if 
such result are been taking into account in the plotting S-N graph, the trend will 
still be similar and T150 still have superior fatigue resistant in comparison to 
T140. 
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Interface strength in composites has a significant effect determining the 
outcome of the fatigue resistant properties of the materials. Harmia (1996) 
summarized that poor adhesion between the reinforcement and the matrix 
increased the fatigue sensitivity in glass Nylon 66 fatigue testing. This may due 
to faster crack growth at weak interfaces than in a continuous composite and 
causes easier debonding of the filler from matrix. He also reported that by 
improving the adhesion between the filler and the matrix, the fatigue resistance 
of the composite improved and debonding of the filler occurred closer to the 
crack tip.  This finding was further reconfirmed by Liang et al. (1999) in their 
study of fatigue behaviour of glass bead reinforced polymer composites.  They 
suggested that for poorly bonded material, interfacial debonding took place 
between the filler and the matrix thus encouraging the development of cavities 
under tensile stresses. Therefore, enhancing the bonding between the filler and 
matrix improved the stress distribution and in resulted in increased strength and 
fatigue properties. Deng et al. (1998) showed that the failure modes of the 
composites are strongly influenced by the fibre/matrix adhesion. They noticed 
matrix cracks were present in the composite with stronger bonding between 
fibre and matrix, which was not present in composite with weaker fibre/matrix 
adhesion. This may also contribute to increased mechanical properties of the 
composite. A similar result was shown in this study, increasing the moulding 
temperature, increased the bonding between the matrix and the reinforcement, 
resulting in increased strength and fatigue resistant as showed from both quasi-
static and fatigue tests.    
Analogous to testing to failure, fatigue also has a crack front progressing through 
the material.  However, in fatigue testing, the propagation rate is orders of 
magnitude smaller than in quasi-static testing. Nevertheless, the crack will grow 
to a critical length, which is determined by various factors including applied 
load, frequency and specimen geometry. In this study, the fractures are most 
likely controlled by the moulding temperature during fabrication and the applied 
load. As the cycles progress, the crack growth rate increases and the material 
eventually fails. Therefore, based on this observation, it is reasonable to assume 
that the mechanism that operates in monotonic testing would also operate in 
fatigue.  Gadaree and Salee (1983) proposed that filler in the matrix can act as 
crack arrest mechanism to slow down the crack propagation rate by pinning 
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down the crack front, this agrees with the ideas of Suresh (1998). He suggested 
that crack tip interaction with the dispersed filler particles in the matrix will 
have a strong influence on geometry of the crack front and the crack growth 
rate.  The tricalcium phosphate particles used in this study, especially any 
agglomerates present, could provide a pinning barrier to the crack propagation. 
However due the weak interfaces, the crack by passes the obstacles by going 
around the particles and travels through the matrix. The surfaces in Figures 
4.22f and 4.24c showed exposed tricalcium phosphate particles and longitudinal 
debonding of the fibre as evident of tricalcium phosphate particles left behind 
during crack propagation, suggesting that due the weak interface between the 
tricalcium phosphate and the matrix, the crack by passed the obstacles by going 
around the particles and travelled through the matrix and leaving the particles 
behind. In torsional loading on the other hand, the present of the TCP particles 
was expected to provide crack pinning, as the direction of the crack is parallel 
to the direction of twisting. However, in continuous fibre reinforcement where 
the composite is weaker in shear, repeated torsion presumably debond the 
tricalcium phosphate the particles, thus final failure is by shearing and fracture 
of the PLA fibrils, this can be observed in Figure 4.26.  
Both T140 and T150 specimens failed in the compression phase, which is typical 
for a continuous unidirectional fibre reinforced composite (Jelf and Fleck, 1992) 
as such composites are normally weaker in compression than in tension. With 
subsequently cycling, the materials start to fail becoming weaker and less stiff; 
this is illustrated by extension and kinking of the PLA fibrils and separation of 
the composite interfaces, which in turn relates to the creep response of the 
materials. Judging from the variation of strain over the whole process of 
tension-compression fatigue, it can be said that the material is weakening. This 
is approached asymptotically towards the end of the cycling, until the specimen 
buckled and fractured in compression, as the material is weaker in compression 
than in tension. The maximum strain to fracture of T150 for ≤50% UTS is about 
5.3%, which is higher than that obtained by monotonic compression due to 
repeated nature of fatigue testing and concurrent creep. At the higher applied 
loads of ±75% UTS, the composite behaved in a similar manner but with more 
rapid fracture and lower strain to fracture. Thus, it can be concluded, even in 
the presence of tensile loading, the failure of unidirectional fibre reinforced 
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composite is dominated by its compressive properties. Further discussion on the 
effects of the loading condition will be considered in Section  4.7.4. 
Previous investigators have shown individual effects on the failure mechanisms 
of compression and tension in fully reversed fatigue test. McEvily et al. (1964) 
discovered that some polymers including polyethylene and polycarbonate 
behaved in similar fashion to metallic component when subjected to fatigue 
tests. Later, Nisitani and Takao (1977) studied the fatigue behaviour of carbon 
steel and reported that the crack tip closed under compression and opened up 
while in tension in fully reverse fatigue loading. Pattin et al. (1996) showed that 
for bone there was far less degradation in tangent modulus and energy 
dissipated with compressive fatigue than tensile fatigue, as bone is stronger in 
compressive than it is in tension.  
However, in this tri-phasic unidirectional fibre reinforced composite, the crack 
may be initiated by the fibre fracture during the compression loading, however 
crack propagation is controlled by different mechanism in tensile and 
compression loading. In tensile loading, the transverse strains compress the PLA 
fibre-matrix interface, crack propagation now depends on the interfacial 
strength between the TCP filler and matrix interface as proposed by Friedrich 
and Karsch (1981).  In the compressive loading, while the stiffness of the fibre is 
remained the same, the Poisson’s ratio effect generates transverse strains across 
the fibres that may initiate fibre kink and buckling of the fibres. Kink band 
formation and propagation has been established as the primary failure 
compressive mechanism in limiting the strength of the unidirectional fibre 
reinforced composites (Jelf and Fleck, 1992; Soutis and Fleck, 1990 and 
Budiansky, 1983). Argon (1972) suggested that the initial stage of kink band 
formation was initiated by fibre misalignment and shear yield strength of the 
matrix. Similar findings were observed by other authors such as Fleck et al 
(1995), Vogler and Kyriakides (2001) and more recently by Lemanski and 
Sutcliffe (2012). Contrary to this, Martinez et al. (1997) showed that variations 
in the initial fibre misalignment might not be the only factor that contributes to 
further reduction in compressive strength of the fibre-reinforced composite. This 
leads to the assumption that even thought kinking maybe the dominant 
mechanism, a competing mode of failure may be contribute to the reduction in 
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compressive strength during the failure (Garland et al., 2001). Creighton and 
Clyne (2000) studied the compressive response of carbon-fibre/epoxy composites 
produced by pultrusion where the fibre misalignment was estimated to be below 
1°. They reported that while the failure was due to kink band formation, the 
strength was substantially influenced by the present of pores in the matrix 
material, which lead to the conclusion that fibre misalignment may not be the 
main cause of the compressive failure that initiated kink formation. Kozey 
(1993) also observed splitting cracks triggered the final kinking failure of carbon 
fibre polymer composite. In this study, as the fibres were hand lay-up, 
misalignment would be expected fabrication, which might contribute to the 
formation of kink bands and buckling failure, as were observed during testing. 
Elber (1970) argued that compressive loading could produce undesirable results. 
The problem lies in the cyclic creep, which is now compressive and cycle-
dependent, softening gradually thus reduces the tangent modulus and the 
compressive load encouraging buckling. Sandor (1972) proposed another theory 
for crack growth in compression loading, each subsequent cycle creates a 
monetary tensile stress at the hole and later at the crack tip. Dillon and Buggy 
(1995) studied flexural fatigue behaviour of carbon fibre/PEEK and carbon 
fibre/epoxy and reported that compressive fatigue is more deleterious for 
thermoplastic composites. Mishnaevsky and Brøndsted (2009) through a 
statistical modelling study of cyclic compressive loading showed that repeated 
compressive loading increased the variability of the misalignment of the fibres. 
Thus it logical to assume that it will influence the compressive fatigue failure of 
the composite.  
SEM examination (Figure 4.3e) shows that the non-fatigued T150 specimen failed 
in tension with a distinct fracture point, v-notch opening and progressing to an 
unstable fracture orthogonal to fibre axis. In contrast to non-fatigued 
specimens, Figure  4.24c showed the fibre failure of the ≤25% UTS tension-
compression for T150 at a start of the crack propagation path. The fracture 
surface showed clear drawing and defibrillation of the fibre indicating ductile 
failure and the fibre defibrillation surface with a similar v-notch on the fracture 
surface. This shows that under compression loading, shear deformation 
nucleated on the inner (compression) side then induced tensile microcracks on 
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the tensile side of the fibres during the buckling of fibres in the early progress of 
the failure as discussed by Lankford (1995) and Dobb and Robson (1990), but 
with more extensive drawing than non-fatigued specimens indicating slow 
fracture damage due to fatigue. Tai et al. (1995) showed similar findings in the 
compressive fatigue of carbon fibre/PEEK composite. They observed that the 
fracture surface of broken and buckled fibres led to distinct regions, with a 
tensile side and a compression side, which showed buckling failure and local 
bending of the fibres. The fracture surface for T140 also had a similar fracture 
trend, but with sharper and flatter fracture surface indicated faster crack 
propagation than in T150 samples. 
The effect of the fibre/matrix adhesion strength becomes more apparent at 
higher stress levels. Fractography analysis of T150 at ≤50% UTS and ≤75% UTS 
revealed that the fracture mode is due to shear failure driven by micro buckling 
of the fibres in a similar manner to those at ≤25% UTS but occurring faster. 
However, at the lower moulding temperature, the fractured surface of T140 
showed distinct differences to T150 (Figure  4.23) when tested at ≤50% UTS and 
≤ 75% UTS fatigue stress. The fibres were separated from each other in a brush 
like manner and failed under axial delamination buckling. This observation 
indicates that specimens moulded at the higher moulding temperature, 150°C, 
have better fibre/matrix interfacial strength than those at 140°C. This finding is 
in agreement with others reported in the literature.  Madhukar and Drzal (1992) 
investigated experimentally the link between fibre/matrix adhesion and the 
failure mode of unidirectional carbon fibre epoxy composite. They found that 
while compressive modulus was affected slightly by fibre surface treatment, the 
compressive strength and maximum strain however were highly sensitive, to 
fibre treatment, both strength and strain improved with increasing of interfacial 
shear strength. The failure mode of the composite was also changed.  They 
observed that in specimens with poor interfacial strength, the failure occurs by 
delamination and global delamination buckling. With increases in the interfacial 
strength, the composite failure mode changed to shear failure, while for the 
highest values of the interfacial shear, the specimen failed in yield with stepped 
fracture surfaces, which indicated the compressive failure of the fibres in 
various planes are perpendicular to the fibre axis.  
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The fracture surfaces for torsional fatigue for ≤50% USS for both T140 and T150 
are similar, with fatigue striations, in the form of incremental crack 
advancement between the fibres, observed over the outer half of the specimen 
surface. This finding is agrees with Found et al. (1985) who reported that in 
torsional loading, the crack propagates along the surface while for compression 
the crack normally grows through the thickness of the specimen. Higher 
magnifications revealed breakage of fibres due to drawing and exposure of the 
TCP particles in the well of the crack. This suggested that weak interfacial 
bonding allowed the TCP to separate from the polymer matrix and that the final 
fracture was due to shearing of the PLA chain network along the twisting 
direction. Torsional loads (≤75% USS) resulted in fewer cycles to failure at the 
same strain limit indicating at higher load the crack propagation rate was faster 
and the failure mode was more brittle. 
In summary, optical microscopy and SEM confirmed the break down of the 
composite due to formation of kink bands that lead to failure by buckling. The 
disentanglement and cumulative rupture of the PLA fibre with TCP particles on 
the surface indicating inefficient crack propagation by both fibre bridging and 
filler reinforcing mechanisms. The final fracture mechanism was fracture and 
buckling of the fibres as described by Fleck (1997) indicating the dominant 
influence of compression loading in unidirectional continuous fibre composite 
properties.  The crack path is normal to the loading direction in axial fatigue, 
while in torsional fatigue, surface cracks as observed in Figure  4.26, run along 
the spiral direction of specimens, and are relatively large in comparison to the 
gauge length. Socie et al. (1985) reported similar observation from fractography 
analysis for steel alloy specimens damaged by fatigue.  The tensile fatigued 
specimens failed with individual slip bands observed on the fracture surface. 
However, torsional fatigue fracture surfaces had been burnished generated from 
rubbing of the two crack surfaces during testing. 
The reductions in modulus and increases in energy absorbed were used monitor 
the degradation in mechanical properties of the composite caused by the 
fatigue. Burr et al. (1985) and Pattin et al. (1996) in their studies of the uniaxial 
fatigue of bone argued that the differences in the response to increasing energy 
absorbed (area in the loop) is linked to the microcrack formation within the 
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composite volume during damage accumulation. Based on the axial modulus, the 
numbers of cycles at which damage started to accumulate is dependent on the 
loading condition. It is about 1000 cycles for T140 and after 100 cycles for T150 
at ≤50% of their individual ultimate strength. Furthermore, at higher loads 
damage starts within the first 100 cycles or 10 cycles for T140 and T150, 
respectively. For torsional fatigue, although results from the quasi-static tests 
suggested that the composite was more ductile in torsion than in tension and 
compression; torsional fatigue is more damaging than axial tension-compression 
fatigue as reflected by lower modulus. This observation was coherent with the 
finding that torsional fatigue lives are lower than axial fatigue lives.  Based on 
the torsional modulus, the number of cycles at which damage starts to 
accumulate was noticeably load dependent, similar to the axial fatigue. For 
T140, at low stress level of ≤25% USS, the damage becomes apparent after 1,000 
cycles and accelerates faster than T150 to failure. While for ≤50% USS, the 
damage started in about 100 cycles and within the first 10 cycles for ≤ 75% USS. 
These levels of threshold are only of the order of thousands of cycles or less, 
hence considerably lower than the fatigue lives for  ≤25% UTS and ≤25% USS, 
which suggests that crack nucleation occurs within a relatively short time and 
that the most of the fatigue life of the materials is spent in growing and 
propagating the crack. Similar torsional fatigue behaviour was observed for 
specimens moulded at 150°C.  
It should be mentioned that, unlike axial properties, torsional properties from 
the testing to failure results are not statistically significantly affected by the 
moulding temperatures. It is widely discussed in literature that the strength of 
the fibre composite is highly influenced by the interface strength between the 
reinforcement and the matrix. Recently, Felfel et al. (2011) suggested that the 
interface strength is often dependant on the direction of the load being applied 
during the test with respect to the direction of the fibres or interfaces. In 
tension and compression, the applied load is parallel to the fibre direction, thus 
the interfaces have significant impact. This confirms with quasi-static results 
that by increasing the moulding temperature and thus reducing voids between 
the fibres, increases the matrix-fibre interfaces and significantly increases the 
tensile and compressive strengths. However in torsion, shear stresses will be 
generated in the PLA-PLA-TCP interfibre matrix. Thus, the PLA-TCP interface 
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strength is significant in torsion as the load applied is perpendicular to the fibre 
directions. Nevertheless, the torsional fatigue lives of T150 increased but 
slightly. However, when compared to the fatigue damage progress in terms of 
energy absorbed and reduction in secant modulus, better interaction between 
the matrix and fibres was achieved with higher moulding temperature at 150°C, 
benefiting the fatigue resistance of the material considerably as shown by lower 
energy absorbed and reduced modulus degradation and less plastic deformation 
at similar fatigue stress levels in T150 specimens in comparison to the T140 
(Figure 4.18). 
For ≤25% UTS loading on samples that were moulded at 150°C, two out of five 
samples did not fracture after 1.5 million cycles, and were considered have run-
out.  Although the fractures were not observed in the run-out specimens, they 
still underwent damage and these were reflected by decreases in secant 
modulus, and increases in dissipated energy and creep. Rao and Drzal (1991) 
showed that the axial modulus and the interfacial shear strength in the 
composite are linked to each other because the stress transfer is a function of 
the matrix. Hence, it is logical to assume that a decrease in modulus will lead to 
corresponding decrease in interfacial shear strength and vice versa. Therefore, 
when compared to the mechanical properties of the non-fatigued specimens in 
this study, for the unbroken fatigued specimens, the reduction in modulus and 
strength produced by fatigue is of the order of 20%.  Furthermore, the strain to 
failure has reduced because in addition to interface debonding, some plastic 
deformation has occurred during fatigue. 
4.7.4 Effect of Loading Mode on the Axial Fatigue 
The effect of the inclusion of compression loading on the fatigue lives of the 
continuous unidirectional fibre reinforced PLA-PLA-TCP composite is shown in 
Figure 4.19.  However, as both of T140 and T150 were tested at different stress 
levels, it is not possible to compare directly the fatigue resistance based on the 
fatigue lives with effect of the moulding temperature. However, this section will 
discuss the additional damage produced on composite structure of fully reverse 
tension-compression in comparison to tension loading only.  
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The fatigue failure mechanism of the continuous unidirectional fibres in tension 
only loading is distinctly different to the fully reversed failure mechanism. 
Therefore, in order to provide better comparison of the fatigue behaviour of 
these materials, the underlying mechanism should be examined. Generally, the 
failure mechanism in tensile fatigue originates from fibre fracture. Fibre 
breakage occurred on the first application of the maximum stress, exceeding the 
strength of the weakest fibre. The fracture sites are scattered randomly thought 
out the composite.  With additional load cycles practice of fibres located 
adjacent to the broken fibre occurs due to stress concentration. As loading 
progress, more fibres break (Talreja, 1981) the broken fibres cause shear stress 
concentrations around the tip of the broken fibre. With cyclic loading, the 
interface may then fail leading to debonding of the fibre from the surrounding 
matrix. The debonding will then serve as a stress concentration site for the 
matrix for the longitudinal tensile stress, crack propagation will depend on the 
type of matrix used in the composite.  
Gamstedt and Talreja (1999) reported an interesting phenomenon in the failure 
of unidirectional fibre composites with different matrices in response to tensile 
only fatigue. A composite with a brittle matrix showed higher fatigue resistance 
compare to a ductile thermoplastic, possibility due to the sharper micro cracks 
present in brittle matrix, compared to many broken fibres in a ductile matrix 
composite during fatigue.  
The differences mechanism of the crack propagation in two types of matrices, 
epoxy (thermoset) and PEEK (thermoplastic) has been well investigated by 
Hartwig and Hubner (1995) and Gamstedt et al. (1999). In both composites, the 
damage originated from fibre breaks, however the epoxy matrix showed more 
brittle behaviour, formed transverse crack propagated in the matrix across the 
fibres direction, forming fibres bridging with adjacent fibres. In contrast, PEEK 
matrix showed tougher behaviour thus provided higher resistant to the matrix 
crack growth, thus the crack tend to form in longitudinal, along the fibre 
direction in order to reduce shear stress between the fibres. 
As both of T140 and T150 show similar fatigue fracture surfaces, thus only T150 
was observed under SEM (Figure 4.27a). The specimen has a brush like fracture 
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surface indicating that the final failure was due to interfacial failure. This 
finding is consistent with results reported in the literature for continuous 
unidirectional fibre composite. Fractography shows fibre fractures in T150 are 
still covered with residual polymeric matrix, which is a good indication of strong 
interfacial bonding between the fibres and matrix (Figures 4.3e and 4.27b). The 
SEM of fibres at the fracture surface of failed T150 is shown in Figure 4.27a. 
When compared to the non-fatigued T150 specimens, which failed by tensile 
testing (Figure 4.3e), the non-fatigued T150 specimen failed with distinct 
fracture point, v-notch opening and progressing to an unstable fracture 
orthogonal to the fibre axis. In contrast to non-fatigued specimens, defibrillation 
and debonding of PLA96 fibres from the PLA70 matrix in fatigue specimen are 
clearly observed in Figure  4.27b indicating slow failure propagation caused by 
fatigue.  
Furthermore, the damage surface of the composite under tensile fatigue 
appeared more brush-like and rougher in appearance (with drawn and straggling 
fibres) than specimens failed under quasi-static loading (Figures 4.3a to 4.3c). 
However a closer view (Figure 4.27b) showed that some of the fibres failed in 
bundles, which are relatively flat, which suggests localized small-scale damage. 
In the literature, composites with efficient load transfer between the fibres tend 
to fracture with more brittle appearance, similar to that shown in Figure 2.28a 
while in composites with weaker interface tend to fracture in brittle manner 
similar to Figure 2.28b. Even though T150 did not fully resemble this extreme 
case, the fracture appeared to combination of the brush manner and the flat 
even surface of brittle fashion indicating competing crack blunting mechanisms 
were present during the progression region. The finding is also agreed with 
fatigue fracture surfaces of continuous fibre composites reported by Katogi et 
al. (2012). 
In continuous fibre reinforcement composite, crack tip blunting can be achieved 
via crack bridging and debonding along the fibre interface. Advancing the matrix 
crack, strong interfacial bonding between matrix and fibre leads to fibre 
bridging. Figure 4.27b shows that crack tip blunting via fibre bridging was 
ineffective leading to further fibre bridging cracks. Gamstedt (1999) reported 
that the transition between the crack propagation and crack arrest is controlled 
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by the predominance of these two mechanisms, which precluded other 
mechanism. Once the debonding set in, the crack will slow down the progressive 
growth of crack bridging, which will be suppressed to prevent catastrophic 
failure. Figure 4.27b showed the evident of the fibre bridging and debonding 
along the matrix interface. However, both of the specimens failed under tensile 
fatigue, indicating that ineffective crack tip blunting mechanism occurred during 
the test.  
Studies by Morris (1970) and Gamstedt and Sjögren (1999) showed compression 
loading have a major influence fatigue fracture behaviour of continuous 
unidirectional fibre composite. They compared the fatigue lives in zero-tension 
and zero-compression to the fully reversed tension-compression loading and 
found that the dominant failure mode lies in the compression loading.  
The same effect has been seen in the current study. Figure 4.19 shows that the 
addition of compressive loading reduces the fatigue lives of both T140 and T150, 
from 105 to 104 and 104 to 103 respectively. The addition of the compressive 
stress in the axial fatigue damage in the compression phase become more 
dominant as early as from 100 cycles and 10 cycles to failure in T140 and T150 
respectively leading toward the final failure in compression loading (Figures 
4.21a and 4.21b). Correa et al. (2007) showed that tension-compression fatigue 
is more damaging than tension-tension loading as tension-compression cycles 
open up the near tip contact zone and caused increments in damage. Recently, 
Vaughan and McCarthy (2011) showed that more damage was sustained by the 
composite and caused fibre-matrix debonding in compressive loading compare to 
tensile loading and was large enough to trigger ultimate failure.  
4.8  CONCLUSIONS  
Composite moulded at higher temperature (150°C) T150 has increased 
mechanical properties in terms of higher yield and ultimate tensile and 
compression stresses and modulus in comparison to the lower moulding 
temperature (140°C) T140 due to better interaction at matrix-fibre interfaces 
and matrix-filler interfaces. 
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Similar superior fatigue property was also achieved by T150 in comparison to the 
T140 as shown in the S-N curves. Both of the composites failed in the 
compression phase indicating that the specimens have lower compression 
properties in comparison to tension. The failure mechanism was initiated by 
formation of kink bands from the misalignment of the fibres in the specimen and 
led to microbuckling failure. The effect of loading mode on the axial fatigue 
properties showed that the fatigue resistance was significantly reduced when 
tested in fully reversed tension-compression loading in comparison to tension 
only, indicating the deleterious effect of the compressive phase on the fatigue 
lives.  
In contrary to the axial properties, mechanical properties in torsional testing in 
both quasi-static and fatigue testing showed non-significant differences with 
respect to increasing the moulding temperature. However, as better interaction 
was achieved between the interfaces in the composite phase promote better 
fatigue resistance as less damage was observed in T150 in term of lower energy 
absorbed and reduction in secant modulus in comparison to the T140. In the 
summary, composite moulded at 150°C has better fatigue properties compared 
to 140°C moulding temperature.  
CHAPTER 5 - BIAXIAL FATIGUE 
5.1 INTRODUCTION 
The fatigue failure of fibre-reinforced composites under biaxial loading is more 
complex than under uniaxial loading. Due to the anisotropy of the fibre 
composite, the fatigue degradation can be accelerated due to the stress 
coupling effect on the material damage where axial stress, which acts along the 
fibres and shear stress across the fibre matrix interface, are combined. 
Therefore, biaxial cyclic evaluation for fibre composites is crucial. In this study, 
biaxial fatigue was studied in saline solution at various loading conditions and 
phase angles in order to investigate the stress coupling effect on the fatigue 
behaviour of the composite. 
5.2 METHODS 
The pre-preg materials were prepared as described in Sections 3.1 and 3.2 and 
compressed moulded at 150°C as described in Section 3.2.3. The fatigue testing 
was performed in saline solution at 37°C as described in Section 3.3.3 using 
parameters shown in Table 3.1 which are at 25A25T, 25A50T, 50A25T and 
50A50T at 0° phase angle. To investigate the effect of phase angle, 25A25T 
loading regime was also tested with 30°, 60° and 90° phase angle and 50A50T at 
90° phase angle. The fracture surfaces were investigated using optical and SEM 
microscopy on selected specimens as described in Section 3.3.5. Fatigue analysis 
was calculated in terms of reduction in secant modulus and energy absorbed as 
described in section 3.3.6. S-N or Wöhler curves were plotted based on principal 
stress, maximum shear stress and Tsai-Wu calculations as described in Sections 
3.3.7 and 3.3.8. 
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5.3 RESULTS 
5.3.1 Analysis of Biaxial Fatigue 
The fatigue lives analysis for in-phase biaxial fatigue at various stress loading are 
shown in Figure  5.1. Full statistical analysis is shown in Table  5.1. Statistical 
analysis (Kruskal-Wallis) showed there is significant difference (p<0.05) between 
the numbers of cycles for each of the in-phase load cases. When compared to 
the uniaxial fatigue live results (Figure 4.8b in Chapter 4), the axial fatigue lives 
of specimen moulded at 150°C were significantly reduced when tested in 
combination with torsion loading. This indicated the fatigue resistance of PLA-
PLA-TCP composite was greatly influenced by shear stresses. The addition of 25% 
of torque (25T) on 25A significantly (p<0.01) reduced the fatigue life from 
1,307,972 (±270,005) to 31,912 (± 9,689) cycles. A further significant reduction 
(p<0.05) was observed with the addition of 25T, to give 25A50T, reducing the 
fatigue life further to 2,483 (±1,744) cycles. Similar results were observed at the 
higher level of axial loading (50A).  Superposition of torque reduced the number 
of cycles from 1,974 (±958) cycles at 50A to 597 (±220) cycles obtained at 
50A25T. The reduction however was not statistically significant. Further 
additional of 25T to give 50A50T reduced the number of cycles to 442 (±18). 
When considering the effects of adding axial stress (25A or 50A) to shear stress 
of either 25T or 50T. Adding 25A to 25T to give 25A25T significantly (p<0.05) 
reduced the fatigue lives and adding another 25A to give 50A25T, the increase in 
axial stress significantly (p<0.05) reduced the number of cycles to failure from 
31,912 ± 9,689 cycles in 25A25T to 597 ± 220 cycles in 50A25T.  For 50% USS 
level, adding 25A on 50T (to give 25A50T) increased the average fatigue lives but 
not statistically different from 980 ±474 cycles in 50T cycles to 2,483 ±1,744 
cycles in 25A50T, adding another 25A to make 50A50T reduced the fatigue lives 
but not statistically significant to 442 ±18 cycles. 
It can be summarized that for the fatigue lives, the alteration in the fatigue lives 
of the specimen was dominated by the higher stress loading either by 50A 
(50A25T) or 50T (25A50T). Minimal changes were observed in the specimen 
fatigue lives with the addition of 25T on 50A (to give 50A25T), similarly 50T for 
when combined with 25A (to give 25A50T). However a significant reduction was 
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observed when comparing 50A with 50A50T, while virtually no difference was 
seen between 50T and 50A50T, indicated that at equal loading conditions, the 
failure was dominated by shear failure. 
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Figure  5.1  Fatigue lives of in-phase biaxial fatigues compare to uniaxial fatigue 
25A represent ±25%UTS, 50A represent ±50% UTS, 25T represent ± 25%USS, 50T represent 
±50% USS (error bars indicate standard deviation, n=3-5) 
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Table  5.1 Levels of significance for in-phase biaxial fatigue (Mann-Whitney test) at various 
loading regime. P<0.05 indicated by single underline and p<0.01 indicated by double 
underlines 
 
Load 
cases 
 
25T 
 
25A 
 
50T 
 
50A 
 
25A25T 
 
25A50T 
 
50A25T 
 
50A50T 
25T         
25A 0.0025        
50T 0.0075 0.0023       
50A 0.0079 0.0023 0.0705      
25A25T 0.0283 0.0023 0.0130 0.0142     
25A50T 0.0080 0.0023 0.0838 0.5772 0.0155    
50A25T 0.0075 0.0022 0.5411 0.0624 0.0129 0.0763   
50A50T 0.0075 0.0022 0.1197 0.0486 0.0127 0.0637 0.1083  
 
The effect of phase angle on the biaxial fatigue at 25A25T is shown in Figure  5.2. 
Kruskal–Wallis analysis showed that there was no statistical difference for 
25A25T when comparing the 4 differences phase angles (0°, 30°, 60° and 90°). 
However when individual group comparison was performed using Mann-Whitney, 
increasing the phase differences from 0° to 90°, the number of cycles to failure 
increase significantly (p<0.05) from 31,912 ±9,689 to 82,905 ±11,134 cycles 
while the rest of the group showed increases in the numbers of cycles to failure 
but the effect was not statistically significant.  Similar observation was shown at 
50A50T (Figure  5.3) for phase angles of 0°and 90°. An increase in phase angle, 
increased the fatigue live of specimens significantly (p<0.05) from 442 ±82 at 0° 
to 1,395 ±451 at 90°. These results indicate the beneficial role of out-of-phase 
loading on the fatigue damage of the specimens.  
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Figure  5.2 Number of cycles to failure for in-phase (0°)  and out-of phase (30°, 60°, 90°)    
biaxial fatigue 25A25T (error bars indicate standard deviation, n=3-5) 
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Figure  5.3 Number of cycles to failure for in-phase (0°) and out-of phase (90°) biaxial 
fatigue 50A50T (error bars indicate standard deviation values, n=3-5) 
Chapter 5 Biaxial Fatigue 178 
 
Each of the biaxial fatigue test has two hysteresis loops, one for axial and one 
for torsional loading.  The individual loops are similar to those obtained in 
uniaxial fatigue test (Chapter 4), therefore, each analysis of the biaxial test can 
be presented in a similar manner to the result for uniaxial fatigue. Figure  5.4 
show the general hysteresis loops for combined axial and torsional loading, in-
phase and 90º out-of-phase 25A25T loading. Generally, the in-phase and out-of 
phase hysteresis loop are similar and symmetrical. However, the loops for in-
phase testing are closer to the origin while the out-of-phase were displaced 
along the horizontal axis, showed a non-zero mean strain resulted from Poisson’s 
ratio effects. 
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(b) 
Figure  5.4 Typical initial fatigue hysteresis loops for biaxial fatigue 25A25T 
(a) axial loop;  (b) torsional loop, both in-phase and 90°out-of-phase 
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Further analysis of the hysteresis loops shows a gradual reduction in secant 
modulus with cycling (Figure  5.5), a similar trend to that observed in uniaxial 
fatigue.  Overall, the initial values of axial secant modulus are similar. More 
variation was observed for the initial values of torsional secant modulus loading. 
The axial modulus is higher than the torsional modulus, which is in agreement 
with the findings from the uniaxial fatigue tests.   
At low stress level, 25A25T, the changes in axial energy absorbed increased 
gradually from the beginning of the cycles until failure. However increasing        
stress by 25T (to give 25A50T), caused the axial energy absorbed to increase at 
approximately 2,000 cycles while the axial secant modulus dropped at the same 
point. In torsional loading, addition of 25T on 25A25T caused the shear energy 
absorbed to increase and the shear secant modulus reduced, at the same point, 
about 200 cycles.  
At 50A loading, addition of 25T on 50A25T resulting in earlier increases in axial 
energy absorbed from 200 cycles in 50A25T to 100 cycles in 50A50T, while the 
axial secant modulus in both loadings reduced after increasing the energy 
absorbed. In torsional loading, adding 25T on 50A25T caused the shear energy 
absorbed to increase as early as 50 cycles in 50A50T in comparison to 200 cycles 
in 50A25T. Shear secant modulus reduced after the energy absorbed increased at 
about 500 cycles (50A25T) and 50 cycles (50A50T) respectively. At the same 
time, it was observed that 50A50T has the lowest secant modulus and highest 
energy absorbed in axial and torsional direction compare to the other groups 
indicated maximum damage to the composite was due to superimposition of 
biaxial loading.  
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Figure  5.5 Variations in secant modulus and energy absorbed for in-phase biaxial fatigue at 
various stress level 
(a) axial secant modulus; (b) torsional secant modulus; (c) axial energy absorbed; (d) 
torsional energy absorbed 
 
 
The fatigue damage in-phase and out-of-phase for each biaxial fatigue case for 
25A25T are shown in Figure  5.6.  As the number of cycles increased, gradual 
reductions in secant modulus were observed. Overall the initial values of the 
moduli are similar to those obtained for the individual loading. The axial 
modulus is higher than torsional modulus as expected. 
In torsional loading, the energy absorbed is similar to that for axial loading even 
though the applied shear stress is smaller compared to applied axial stress, 
suggesting that composite failure is affected by the superimposed loading and 
that shear failure dominated the failure mechanism. At the same time, it can be 
seen that for 25A25T in-phase, the axial and torsional moduli drop, at about 
same point around 10,000 cycles, while the energy absorbed increased around 
500 cycles in axial and 2000 cycles in torsional before become more apparent in 
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response to the apparent reduction of the moduli. On the other hand, 90° out-
of-phase has higher axial modulus, lower absorbed axial and torsional energy 
compared to other cases, which is consistent with its relatively low fatigue 
damage characteristics. However, 25A25T at 30°out-of-phase showed the lowest 
secant torsional modulus compared to the other cases. Since it also has lowest 
initial secant values, this variation is assumed to be due to variation of fibre 
placement in the specimens. This assumption is in agreement with values of 
energy absorbed, which indicated that damage occurs in the out-of-phase 
specimens similar to that show by the in-phase specimens (Figure  5.6d). 
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Figure  5.6 Variations in secant modulus and energy absorbed for 25A25T in and out-of-phase 
biaxial fatigue (0°, 30°, 60, 90°) 
(a) axial secant modulus; (b) torsional secant modulus ; (c) axial energy absorbed; (d) 
torsional energy absorbed  
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Finally, for the high biaxial stress loading of 50A50T, 90°out-of-phase again 
shows features of lower fatigue damage accumulation compared to in-phase 
fatigue (Figure  5.7). The changes for 50A50T in-phase in absorbed axial energy 
seem to start at about 50 cycles, followed by a reduction in secant axial modulus 
after approximately 100 cycles. 90°out-of-phase showed these changes starting 
much later. It can be seen that the modulus drops while energy absorbed 
increased at the same point, about 500 cycles in axial loading. Interestingly, the 
energy absorbed increased gradually in comparison to in-phase. For torsional 
loading, the in-phase initial secant modulus is slightly higher than out-of-phase, 
however, the in-phase modulus reduced gradually from the start of the testing 
before sinking further below the out-of-phase at about 200 cycles, while the 
energy absorbed increased in parallel with decreasing modulus and the 
behaviour become apparent at the same point. The out-of phase variation 
showed that the energy absorbed increased before the modulus reduced. The 
modulus drop become apparent at about 500 cycles while the increase of energy 
absorbed started earlier at about 100 cycles. It also can be seen that in-phase 
has higher energy absorbed and lower secant modulus in axial and torsional, 
indicating the effect of superimposed loading on the composite structure. This 
finding is similar to observations at the lower stress level of 25A25T. In general, 
it can be observed that the phase angle affects the axial and torsional 
behaviour, the lower the phase angle between stress directions, the sooner the 
moduli drop and the energy increases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 Biaxial Fatigue 183 
 
Axial
0
1
2
3
4
5
6
7
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Log/cycles
M
o
du
lu
s
/G
Pa
50A50T (0) 50A50T (90)
Torsional
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Log/cycles
M
o
du
lu
s
/G
Pa
50A50T (0) 50A50T (90)  
(a) (b) 
Axial
0
200
400
600
800
1000
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Log/cycles
En
er
gy
/k
Jm
-
3
50A50T (0) 50A50T (90)
 
Torsional
0
20
40
60
80
100
120
140
160
180
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Log/cycles
En
e
rg
y/
kJ
m
-
3
50A50T (0) 50A50T (90)  
(c) (d) 
Figure  5.7 Variations in secant modulus and energy absorbed for 50A50T in and out-of-phase 
biaxial fatigue (0, 90) 
(a) axial secant modulus; (b) torsional secant modulus ; (c) axial energy absorbed; (d) 
torsional energy absorbed  
 
In summary, the damage produced from fatigue study of the composite in all 
biaxial cases is strongly dependent on the level of the applied axial and torsional 
stresses. The dominant effect of the torsional compared to the axial properties 
can be seen. The torsional and axial properties are shown to be interlinked, as 
an increase in one leads to slight changes in the damage characteristics in both 
axial and torsional conditions, which combine to produce the final failure. 
Increasing phase differences resulted in slightly increased fatigue properties 
with lower degree of fatigue damage accumulations. This finding is similar to 
those reported in literature, as increasing the phase angle of biaxial loading 
increases the number of cycles to failure (Ton That, 2000; George and Vashishth, 
2001; George and Vashishth, 2005).  
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5.3.2 Determination of S-N Curves 
The values of three combined stress parameters, maximum principal stress 
(σ1max), maximum shear stress (τ12 max) and Tsai-Wu parameter (IFmax), were 
calculated for each load angle combination (Table 3.1) and are shown in 
Appendix A4.  These values are then plotted against the number of cycles to 
failure and shown as S-N curves in Figure  5.8 to 5.10. The linear regression lines 
are plotted using four different loading conditions. The all conditions line is used 
for all data point given by uniaxial and biaxial at all loading levels and phase 
angles. All biaxial loading conditions represent only biaxial loading, at various 
loading levels and phase angles. In order to study the correlation loading levels 
effect at 0° phase angle, in-phase condition is plotted. Out-of-phase conditions 
consists data tested at equal stress level, 25A25T and 50A50T at different phase 
angles, 0°, 30°, 60° and 90°. All equations with their correlation coefficients 
(R2) are given in the graphs. 
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Figure  5.8 S-N curve for maximum value of principal stress (σ1max) versus cycle to failure. 
With least squares fits for all data (__), in-phase (__), out-of-phase (__) and all biaxial loading 
(__) 
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Figure  5.9 S-N  curve for maximum value of maximum shear stress (t12max) versus cycle to 
failure 
With least squares fits for all data (__), in-phase (__), out-of-phase (__) and all biaxial loading 
(__) 
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Figure  5.10 Maximum value of Tsai-Wu parameter (IFmax) versus cycle to failure 
With least squares fits for all data (__), in-phase (__), out-of-phase (__) and all biaxial loading 
(__) 
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It can be seen from these figures that principal stress, maximum shear stress and 
Tsai-Wu parameter all showed different levels of fit for all failed PLA-PLA-TCP 
specimens. Thus, the correlation coefficient for the least square fit (R2) was 
calculated and is shown in Table  5.2 for all loading conditions. The R2 value is 
highest for IFmax and lowest for σ1max, indicating that Tsai-Wu parameter is the 
best prediction of number to cycles to failure for combination of axial and 
torsional load condition and phase angle. However for the Tsai-Wu parameter 
R2= 0.71 so still quite low. However this value includes the uniaxial fatigue. 
Tensile-compression failure criterion is best described using the principal stress 
rather than Tsai-Wu (Amijima et al., 1991), thus another condition is used, for 
biaxial loading only, increase the R value to 0.88. The result was similar with all 
loading condition while for effect of the phase angle, the maximum shear stress 
line giving the best prediction indicator. 
 Table  5.2 Results of linear regression for σ1max, τ12max and IFmax versus log N  
Variable Slope Intercept R2 
 
Condition: All conditions (uniaxial and biaxial) 
σ1max -3.6 70.74 0.20 
τ12max  -2.22 40.88 0.40 
IFmax -0.06 0.92 0.71 
 
Condition: biaxial condition only (in-phase and out-of-phase) 
σ1max -6.45 102.22 0.73 
τ12max  -3.35 52.87 0.79 
IFmax -0.08 1.09 0.88 
Condition: effect all load levels (in-phase, uniaxial and biaxial) 
σ1max -7.17 104.92 0.20 
τ12max  -2.2 40.05 0.36 
IFmax -0.06 0.91 0.67 
 
Condition: effect of phase angle 
σ1max -7.47 113.94 0.91 
τ12max  -3.82 58.24 0.92 
IFmax -0.09 1.21 0.91 
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In summary, it can be seen that maximum shear stress is best for predicting 
cycles to failure when the specimen was loaded at constant load levels but 
different phase angles, but when combining all stresses and stress level and 
phase angle, the Tsai-Wu criteria is the best predictor. Thus for the prediction of 
the fatigue life of non-tested combinations of axial and torsional loads and phase 
angle, the Tsai-Wu criterion should be calculated. 
5.3.3 Fractography of Biaxial Fatigue 
Fractography analysis was carried out for specimens tested at 25A25T in-phase 
and out-of-phase to study the effect of the phase loading in biaxial fatigue 
testing in the specimen structure.  
The fracture surface of 25A25T in-phase is shown in Figure  5.11 and it was 
compared with fracture surfaces after 25A and 50T fatigue testing showed in 
Figures 4.24 and 4.26 respectively. Optical and SEM examination showed that 
the fracture surfaces of 25A25T does not resemble axial failure but have more 
torsional failure characteristics, contained longitudinal cracks with interfibre 
splitting which is indicating the failure is dominated by shear failure. At the 
same time, more severe fibre breaks on the matrix surface in the shear direction 
(Figure  5.11e) can be observed which are not seen in uniaxial torsional fracture 
surfaces, indicating the influence of axial stress on the specimen failure 
mechanism.  At high magnification (Figures 5.11d and 5.11e) extensive damage 
with fibre breakage and exposure of the TCP particles can be seen, suggesting 
that TCP particles were detached from the PLA70 matrix. As the specimen failed 
due to splitting of the fibres parallel to the fibres direction shows that final 
failure of biaxial 25A25Tspecimens is due fibre-matrix interface, and is 
dominated by torsional shear. 
Figure  5.12 shows the fracture surface of specimens tested at 25A25T out-of-
phase. It can be seen that the fracture surfaces have similar longitudinal cracks 
and splitting of the fibres (Figures 5.12b to 5.12c) as observed in in-phase 
specimen, but that the damage was reduced. This correlates with fatigue 
damage observed through alteration in the mechanical properties as discussed in 
Section 5.3.1. 
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When tested at the higher torsional loading of 25A50T in-phase (Figure  5.13), 
the surface fracture showed higher torsional damage with more longitudinal 
cracks observed as compared to uniaxial ±50% USS (Figure 4.26) and biaxial 
25A25T in-phase (Figure  5.11) indicating that higher damage occurs with 
increases in loading. Surface fracture cracks with exposed fibres suggest failure 
of the fibre-matrix interface, and that the failure is dominated by torsional 
shear causing the final failure.  
All specimens tested at 50A25T and 50A50T at 0° phase angle failed under axial 
loading in compression with surface fractures similar to ±50% UTS as discussed in 
Chapter 4, while the 50A50T at 90°out-of-phase specimens failed under shear, 
but the fracture surface of the specimens’ fracture surface was altered when 
the actuator of MTS testing machine dropped and crushed the samples at the 
end of testing, thus the SEM analysis was not carried out for these specimens.  
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(a) 
(b) (c) 
(d) (e) 
Figure  5.11 Fracture surfaces of in-phase fatigue specimens at 25A25T 
(a) optical general view; SEM observation on (b) matrix crack parallel to main axial fibre 
orientation (c) fibre failure at the horizontal crack; (d) exposed TCP particles and (e) high 
magnification of fibre fracture (Marker bars= (a) 3mm; (b) 200µm; (c) 100 µm; (d & e)20 µm. 
Arrows indicate fibre direction which is horizontal throughout) 
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(a) 
 
(b) 
 
(c) 
Figure  5.12 Fracture surfaces of 90° out-of-phase fatigue specimens at 25A25T 
(a) matrix crack parallel to main axial fibre orientation (b) fibre failure at the horizontal 
crack shown in higher magnification in (c). (Marker bars= (a) 3mm; (b) 200 µm; (c) 20 µm. 
Arrows indicate fibre direction which was horizontal throughout) 
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(a) 
 
(b) 
Figure  5.13 Fracture surfaces of in-phase fatigue specimens at 25A50T 
(a) matrix crack parallel to main axial fibre orientation (b) exposed fibre at the interface 
failure at the horizontal crack. (Marker bars= (a) 200µm; (b) 20 µm, Arrows indicate fibre 
direction) 
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5.4 DISCUSSION 
The yield stresses of the composite in this study under torsional, compression 
and tension is roughly in the ratio of 1:3:4. The literature suggests that yield 
stresses are associated with the onset of microcracking in materials (Wright et 
al., 1981; Yoshikawa et al., 1994), thus a lower yield stress in torsion indicates a 
lower threshold for microcracking formation under torsion in comparison to 
compression or tension. Cezayirlioglu et al. (1985) showed that the superposition 
of torsion on tension and compression lowers the yield stress of anisotropic 
materials such as cortical bone. They implied that superimposition of torsional 
loads decreased the microcracking threshold of the material thus suggesting that 
the addition of torsional stress to the axial testing would decrease the fatigue 
life of the materials. For continuous fibre reinforced composites under uniaxial 
fatigue loading, the composite failed in compressive loading rather than tensile 
due to kinking mode failure. This finding has been discussed in detail in Chapter 
4. However to summarise, the first models for kinking failure in composite were 
developed by Argon (1972) and later Budiansky (1983), where they observed that 
the fibres in unidirectional fibre reinforced composites are not uniformly 
straight. Thus, they suggested that the local shear stresses in the composite 
develop from the fibre misalignment under the action of remote pure 
compressive loads. Therefore, it was implied that when these shear stresses 
exceeded the shear yield stress of the matrix, the fibre would undergo shear 
buckling and later lead to failure in compression. The compression strengths of 
polymers have been established in great detail. There are many factors that 
might influence the strength such as fibre mechanical properties, matrix shear 
properties, fracture energy of the fibre/matrix interface, volume fraction of the 
fibres and also initial misalignment of fibres. Among these parameters, induced 
local shearing stresses controlled by matrix shear properties and interfacial 
fracture energy, influence the failure mechanism and the failure strength of a 
composite. The presence of the shear stresses during the compressive loads on 
the specimen will induce further misalignment of the fibres that will initiate the 
failure mechanism.  
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In the literature, there are only a few reports on the effects of combined 
compression and torsional loading on continuous fibre composites. Jelf and Fleck 
(1994) performed a study on effect of constant value shearing stress of hollow 
tubes of carbon fibre/epoxy composites. The torque was applied to a given 
level, after which the compression stress was increased until failure occurred. 
They reported that the compressive strength reduced linearly with increasing 
values of the shear stress before failing under plastic microbuckling. They also 
observed that microbuckling occurs in the compression torsion test by the 
development of a single micro buckled band around the gauge section and is 
arrested by formation of an axial split after completing a circumferential 
propagation around the tube. 
Superposition of torque on low (25A) as well as high (50A) levels of axial loading 
leds to reduction in the fatigue life of PLA-PLA-TCP composite and the 
magnitude of the reduction depended on the magnitude of the torsional loading 
(Figure  5.1). 
In uniaxial fatigue, the torsional fatigue life was less than the axial fatigue life 
at the same proportion of the failure stress. For example, the fatigue lives for 
25A and 25T are 1.3 x106 and 9 x104 cycles respectively. At higher stress levels, 
50A and 50T alone give about 1x103 and 6x102 cycles respectively. Additional of 
25T to 25A reduced the number of cycles to about 3x104. For 25A25T in-phase 
biaxial fatigue (σmax= 33.69 MPa, τmax =17.47 MPa, IF=0.21), the addition of 25T 
to 50A (giving σmax = 65.51MPa, τmax = 33.08 MPa, IF=0.54) reduced the fatigue 
life to about 5x102 cycles. At the same time, it was observed that adding 25A to 
50T (σmax = 36.99 MPa, τmax = 20.77 MPa, If=0.41) further reduced the fatigue life 
to about 2x103 cycles. 50A50T (σmax = 67.37 MPa, τmax = 34.93 MPa, IF = 0.72) has 
a fatigue life of about 4x102 which is two decades lower than 25A25T, indicating 
that the biaxial fatigue life of the material is governed by the axial and torsional 
stresses. 
The reduction was statistically significant for all comparisons between the axial 
only and axial-torsional load cases, with exception of 50A versus 50A25T load 
case, thus implying that at high axial load levels (50A), effect of torsion is less 
significant compared to low load levels (25A) to the axial fatigue life of the 
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composite.  This finding may suggest that the ratio of shear/normal stresses in 
an axial-torsional load case has to exceed a threshold if torsional loading is to 
play a dominant role in determining the fatigue life of the composite.  
Using principal stress analyses (Gere and Timoshenko, 1991), the threshold value 
of shear/normal stress, represented by 50A25T load case, can be calculated and 
expressed in terms of maximum shear/maximum normal stress. The maximum 
shear to maximum normal stress ratio represents the contribution of shear 
stresses relative to normal stresses to causing failure in materials (Vashishth et 
al., 2001). The calculated value for maximum shear stress/maximum normal 
stress of 50A25T load case is equal to 50A fatigue. Therefore, even though 
failure was observed in 50A25T fatigue test, the damage was dominated by axial 
stresses not torsional. To reinforce this conclusion, the same analysis was also 
carried out for low axial loading (25A). The shear stress to normal ratio stress in 
25A is 0.50, while in 25A25T is 0.52, further adding 50T, increased the ratio to 
0.56, implying that dominant stress from torsional reduced the threshold in 
microcracking formation, thus reduced the fatigue resistant of the composite. A 
similar observation was reported for anisotropic materials by Vashishth et al. 
(2001) in their fatigue study of bovine bone. 
Superposition of torsional on axial loading leads to dramatic reductions in 
fatigue life. At the same time, it was observed that increasing the phase angle, 
increases the fatigue life of the composite. Increasing the phase angle to 90° 
between the axial and torsional stress however increased the number of ranging 
from a factor approximately 3 for 50A50T and approximately 4 for 25A25T. Ton 
That (2000) studied effect of phase angle on biaxial fatigue of isotropic 
particulate reinforced composite and reported that the important role of phase 
angle depended on the relative levels of axial and torsional stresses, as well as 
maximum shear stress and the Tsai-Wu parameter. He showed that by increasing 
the phase angle would decrease the principal maximum stress and maximum 
shear. The full analysis for this study is shown in Appendix A4. Vashishth and co-
workers (Vashishth et al., 2001; George and Vashishth, 2005) studied biaxial 
fatigue behaviour of cortical bone in respect to loading and phase angle. They 
reported that superposition of the torque caused significant reductions in fatigue 
life of bone, this effect decreased with increasing phase angle. They also 
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observed that during in-phase testing, the damage was a combination of mixed 
mode crack initiation and the propagation of tension, compression and torsional. 
For out-of-phase loading, only the torsional mode was significant affected, thus 
reducing the contribution of the mix-mode behaviour load that extends the 
fracture path. The second factor is the rotation of the principal planes. Damage 
normally takes place on principal planes that become the main site of damage. 
During the test, out-of phase loading creates principal plane rotation, so the 
damage is spread over a larger volume than in-phase, when the damage is more 
concentrated on a small volume, which leads to faster failure fracture. Detailed 
explanation on the effect of loading path is described in Section 2.3.5.1. Under 
load controlled testing as used in this study, the maximum shear strain for total 
loading cycles is less in out-of-phase than in-phase. Therefore slower damage 
will occur in out-of-phase loading and results in increasing in fatigue life. 
Literature showed similar effects was achieved when studied biaxial fatigue 
under load controlled conditions (Nishihara and Kawamoto, 1945; Grubisic and 
Simburger, 1976; Sonsiono and Grubisic, 1985; Sonsino, 2001).  
Analysis of the fatigue damage parameters in biaxial fatigue are similar to those 
in uniaxial fatigue, with a gradual reduction in secant moduli and increases in 
energy absorbed as the loading progresses. Monitoring the secant modulus and 
energy absorbed trends provides good comparisons of degradation in mechanical 
properties of the composite due to the fatigue damage with affects of various 
combined loads conditions and phase angle. Combined in-phase loads had the 
highest modulus reduction and greatest energy absorption per load cycle value in 
comparison to higher phase angles such as 60° or 90°. It was observed in uniaxial 
fatigue damage changes in modulus and energy indicated the on-set of failure in 
the composite.  When compared to damage variations in biaxial fatigue, the 
specimens absorbed several times more energy above the initial value than fully 
reversed uniaxial tension-compression fatigue for a given load regime. The 
number of load cycles at the initiation of failure is in inverse correlation, first 
with levels of combined load then with the phase angle. For example for 
25A25T, the threshold occurs after more cycles in comparison to other combined 
load such as 25A50T or 50A25T, secondly higher phase angle increases the 
threshold as can be seen when comparing 0° to 90°, or 30° with 90° phase 
angles. 
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Analysis lines showed that principal maximum stress (s1max), maximum shear 
stress (t12max) and Tsai-Wu (IFmax) have different degrees of correlation with 
number of cycles to failure, with the Tsai-Wu criterion giving the best fit. 
However the value is still low to be conclusively meaningful. Echaabi et al. 
(1996) reviewed a number of failure criterion for fibre composites and preferred 
to use the maximum stress criterion, as it is simpler and extensively used by 
researchers. However, the drawback of this method is it has a tendency to 
overestimate the failure stress. Fatemi (1987, 1988) shown that while maximum 
stress criterion can give good correlation for brittle materials, but is unreliable 
for low cycle fatigue where cyclic plasticity is involved.  
Tanaka et al. (1998) showed that while principal stress is more useful to use in 
tension/compression failure criterion, under static combined stresses, Tsai- Wu 
failure criterion showed better correlation when used in the presence of 
tension/compression and shear stresses. They suggest that the stress 
combination, between the axial and shear stresses superficially affected the 
final failure of the composite. Fujii et al. (1995) however showed that while the 
Tsai-Wu criterion showed a good correlation in biaxial tension-compression/ 
shear fatigue failure for low cycle fatigue, that is less than 104, however a non-
conclusive result was obtained for high cycle fatigue. This current study has both 
low and high cycle fatigue. 
Thus, the Tsai-Wu criterion is not always useful for fatigue strength. In this 
study, the calculated fatigue strength in uniaxial tension-compression at 25A is 
higher than 25T, yet the experimental results indicated that 25T is more 
damaging than 25A.  Calculated Tsai-Wu criterion showed 50A to be higher than 
50T, yet experimental results for 50T showed it has fewer cycles to failure 
compare to 50A. This finding is similar that being reported by Tanaka and co–
workers earlier, which indicated that Tsai-Wu criterion works best with the 
present of shear, as a shear parameter is used in the third part of the criterion 
equation. Thus, when only biaxial loading data was considered, a better best fit 
line achieved, increased R2 from 0.71 to 0.88, presenting better estimation for 
fatigue failure for biaxial condition, this finding is similar with to the conclusion 
of Amijima et al. (1991). At same time, further examination of the Tsai-Wu 
criterion need to be examined under biaxial and multi-axial fatigue loading or 
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other method need to be use in order to describe better fatigue failure in this 
study.  
The role of torsional loading in biaxial fatigue failure was also investigated by 
considering the fracture surfaces. Monotonic tensile, compression and torsional 
loading produced drawn split fibres, transverse buckled fibres and spiral cracks 
(Figures 4.3 to 4.7). These images were used as references images for all 
subsequent analyses involving biaxial fatigue (Figure  5.11 to 5.13). Figure 4.24 
demonstrated that contributions of tensile and compressive loads are clearly 
evident on the fracture surface for a fully reversed axial load case (±25% of UTS) 
with the specimen forming kink bands due to transverse strains that lead to 
buckling. At ±50% of USS, the specimens failed with spiral splits parallel with the 
fibres, with fractured fibres and exposed TCP particles that indicated final 
failure due to the weak PLA-PLA-TCP interface.  Superimposition of fully 
reversed in-phase at the same load level, 25A25T increased formation of spiral 
cracks with the disappearance of transverse fibre buckling as seen in 
compression and fully reversed uniaxial fatigue. This indicated that the final 
failure is occurred due to shear failure, and it occurred before formation of kink 
bands that might lead to compression buckling. This finding is consistent with 
the finding that at low stress level of 25T, the specimen has lower fatigue life in 
torsion compared to axial loading. The results of phase differences on the 
fatigue damage can be seen in Figure  5.12 for 90° out-of-phase. Less damage 
was observed with fewer longitudinal cracks in comparison to the in-phase. 
However, as the specimens displayed shear mode failure, it can be assumed that 
at the combined stress level, 25A25T, the fatigue live is dominated by shear 
both in-phase and out-of-phase. The resulting profile for combined axial and in-
phase torsional loading at higher torque (25A50T) indicated that while the final 
failure is still dominated by the shear properties, more damage can be seen with 
a number of cracks parallel to the fibres (Figure  5.13). The dominance of the 
shear stress in the biaxial loading is due to the direction of the stress relative to 
the weaker part of the composite being applied as discussed in Chapter 4. In 
axial loading, the tensile or compression stresses are taken by the fibres, which 
is the strongest component of the composite. In torsion, there are two kinds of 
stresses generated, which are tensile stress and compressive stresses. During the 
loading, the compression will act to initiate twist by generate shear at 
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approximately 45° to the fibre direction and caused failure on the matrix which 
is the weakest part of the composite.  Once the matrix fails, this will act as the 
weakest point in the composite for further crack propagation. Thus, it is often 
seen that shear strength of unidirectional fibre reinforced composite is lower 
than the axial strength. 
Ritchie et al. (1985) suggested that the fracture surface of in-phase combined 
stress loading failure mechanism is mixed mode crack propagation as a result 
from stress loading on different axial and shear planes produced complex 
fracture surfaces of various helical shapes through the material structure or 
thickness. In out-of-phase loading on the other hand, they observed a transition 
from mode III to mode I fracture, as the crack was unable to penetrate the 
interior of the specimens. Jayaraman and Ditmars (1989) studied the differences 
in the fractures surface of iron under pure tension testing with preliminary 
cracks. They reported that the primary crack is perpendicular to the axis of the 
specimen, which contains the maximum shear planes. During in-phase loading, 
the principle axes and maximum shear stress are at a fixed orientation, however 
during out-of-phase, these two planes rotate through each cycle. Socie (1987) 
proposed that the direction and magnitude of the principal stresses change 
throughout each cycle during out-of-phase loading. This resulting in lower values 
of principal stress, maximum shear stress and Tsai-Wu values as calculated in 
Appendix A4. Thus in respect to this study, it is logical to assume that there is 
competing axial and shear failure mechanisms present during the biaxial testing. 
For example, for 25A25T in-phase the combination of the axial and shear 
stresses leads to reduction in the fatigue life when compared to 25A, however it 
is still in the region of the fatigue life of uniaxial 25T. While, the combination of 
the mixed mode crack of fibre kinking and shearing and rubbing might be 
present, however the shear stress produced during this testing might exceed the 
critical value in the torsional shear reduction that caused the reduction in shear 
secant modulus earlier than the threshold in the axial secant modulus. Therefore 
the final fracture failure of the specimens is controlled by the shear rather than 
axial as observed above.  
On the microscopic scale, at 25A25T in-phase have similar number of 
longitudinal surface cracks as the fully reversed 50T uniaxial fatigue test. Under 
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pure torsional surface fracture, crazing was observed. Crazing normally begins 
with microvoid formation under tension, therefore it is sensitive to mutiaxial 
stress (Petrie, 1988). As the specimens are subjected to tension as well as shear, 
it is possible similar mechanisms occurred in the specimens when in tension and 
shear loading regions. As the cycles progress, the strain in the materials will 
increase, thus microvoids coalesce and form a continuous fracture surface. The 
fracture surface mode is controlled by the state of stress within the materials 
which influence the deformability of the material. Thus the change from uniaxial 
to biaxial state of stresses may alter the deformability of the specimen. SEM 
observation of the uniaxial and biaxial fatigue fracture agreed with this theory. 
The fracture surface of the biaxial loaded specimens contained more micro 
damage features, such as numerous fatigue striations, than were seen in uniaxial 
fatigue. 
5.5 CONCLUSIONS 
The fatigue life of biaxial fatigue loading is significant by influenced by 
superimposition of torque on the axial loading. In-phase loading produces more 
damage than out-of-phase loading. Fractography examinations also revealed that 
biaxial failure is dominated by the shear mechanism and fatigue–striated 
features were observed at stress levels of 25A as well as at 50A.  
 
CHAPTER 6 - EFFECT OF COMPOSITE 
DEGRADATION ON FATIGUE PROPERTIES 
6.1 INTRODUCTION 
Most of the potential application of degradable composites in the field of 
biomaterials are not only subjected in cyclic loading, but are used in media that 
cause the material to degrade physically as well as mechanically. Therefore it is 
necessary to understand the effect of degradation on the strength retention of 
the composite in static as well as cyclic condition in order to ensure better 
design parameters for intended applications.  The degradation rate of resorbable 
polymers depends on many variables, including manufacturing techniques and 
micro- and microstructural of the composite as well as environmental factors. To 
investigate this, a degradation study was carry out in phosphate buffered saline 
(PBS) solution for up to 20 weeks. Degradation was accessed by recording 
changes in wet and dry masses of the samples (giving information on fluid uptake 
and mass of the sample degraded), changes in pH of the saline solution, changes 
in modulus and strength in tensile, shear, fatigue life, secant modulus and 
energy absorbed in axial as well as in torsional.  
6.2 METHODS 
The specimens used for degradation study were compressed moulded at 150°C 
using the methods describe in section 3.2.3. The specimen were immersed in 
saline solution for up to 20 weeks as described in section 3.2.6, which at each 
immersion point, the specimens then were dried and wet as well as dried weight 
measured. Uniaxial fatigue testing was carried out at ±25% UTS (25A) and ±25% 
USS (25T) of the non-degraded specimen strength. Fatigue damage analysis was 
carried as describe in section 3.3.3 for fatigue life, reduction in secant modulus 
and increase in energy absorbed and fracture surface. All quasi-static and 
fatigue properties for the degradation samples then were compared with results 
from non-degraded specimens.  
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6.3 RESULTS 
6.3.1 Weight and pH change  
Figure  6.1 shows the change in pH of the PBS with degradation time. The pH 
stayed constant throughout the 20 weeks degradation period showing the 
buffering effect from the tricalcium phosphate on the pH of the acidic solution 
produced during the PLA degradation.  
The fluid uptake of samples of PLA96 fibres in PLA70 matrix with TCP filler after 
immersion in PBS for up to 20 week is shown in Figure  6.2. There was gradual 
increase through the 20 weeks in vitro study period. However, the increase 
between each measurement period was not statistically significant. Figure  6.3 
shows the percentage decrease in sample mass after drying, representing the 
mass of sample that has been lost by degradation following immersion in PBS 
with standard deviation. Compared to the initial mass loss in the first 8 weeks, 
the subsequent decreases in mass were not statistically significant until week 
20. It can be seen that the fluid absorption and weight loss is relatively small 
with less than 2% and 1% respectively for all four periods of immersion. These 
compare well with the data from Bleach (2001), who reported that self-
reinforced PLA filled TCP composite has slow degradation, increasing by less 
than 2% for fluid absorption and minimal weight change with less than 1% mass 
loss between 1 and 24 weeks. 
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Figure  6.1 Change in pH of PBS versus degradation time for PLA-PLA-TCP composite. PBS was 
changed every three weeks (error bar indicate standard deviation, n=3-5). 
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Figure  6.2 Percentage mass increase due to absorbed fluid versus degradation time for PLA-
PLA-TCP composite (error bar indicate standard deviation, n=3-5) 
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Figure  6.3 Percentage dry mass decrease versus degradation time for PLA-PLA-TCP 
composite (error bar indicate standard deviation, n=3-5) 
 
6.3.2 Monotonic test 
Table  6.1 and Figures 6.4 and 6.5 show how the axial modulus, ultimate tensile 
stress, shear modulus and ultimate shear stress changed over the 20 weeks 
degradation. In comparison to the non-degraded specimens, the tensile modulus 
remains virtually unchanged for the first 8 weeks of degradation, after which 
time the modulus decreased significantly at week 12 (p<0.05) and week 16 
(p<0.01).  After 20 weeks of degradation, the modulus of the degraded samples 
was significantly (p<0.01) reduced approximately by 20% compared to the non-
degraded specimens. The shear modulus however remained virtually unchanged 
during the 20 weeks degradation period. This finding is consistent with those 
reported by Bleach et al. (2000) for a similar composite. 
The ultimate tensile stresses showed a constant rate of strength loss throughout 
the 20 weeks degradation. Initially, when compared to the non-degraded 
specimens, the strength of the degraded specimens remained unchanged for the 
first 8 weeks of immersion, followed by a slight reduction after week 12. The 
strength started to reduce significantly (p<0.01) after week 16 and 20 but was 
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still comparable to that of cortical bone. At the end of the 20 weeks 
degradation, the strength of the composite was 62% of the initial value. In 
comparison to the axial properties, the effect of the degradation on the 
torsional properties was minimal. No significant loss was observed in shear 
strength throughout the 20 weeks degradation period, similar to the trend in the 
shear modulus shown earlier. Full statistical analysis is shown in Tables 6.2 and 
6.3. 
Table  6.1 Axial and torsional moduli and strength properties of PLA-PLA-TCP composite 
 degraded for up 20 weeks. Values are means of 5 samples (standard deviation). 
 
 
Axial 
 
Torsional 
Degradation 
Time/weeks 
Axial 
Modulus/ 
GPa 
Ultimate 
Tensile 
Strength (MPa) 
Shear 
modulus/GPa 
Ultimate 
Shear 
Strength/MPa 
 
0 6.47 (0.65) 144.00 (11.58) 1.37 (0.16) 26.49 (4.96) 
 
8 6.37 (0.07) 124.37 (11.52) 1.31 (0.04) 28.72 (2.77) 
 
12 5.77 (0.02) 116.96 (19.28) 1.24 (0.07) 26.88 (4.65) 
 
16 5.22 (0.13) 98.78 (2.58) 1.28 (0.01) 27.71 (4.85) 
 
20 4.99 (0.05) 89.55 (2.46) 1.27 (0.05) 24.98 (2.22) 
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Figure  6.4 Modulus versus degradation time (all tested at 37°C in saline) for PLA-PLA-TCP 
composite (error bar indicate standard deviation, n=3-5) 
 
 
 
 
0
20
40
60
80
100
120
140
160
0 4 8 12 16 20
Degradation Time/Weeks
St
re
ss
/M
Pa
tensile torsional
 
Figure  6.5 Tensile and torsional ultimate strength versus degradation time (all tested at 37°C 
in saline) for PLA-PLA-TCP composite (error bar indicate standard deviation, n=3-5) 
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Table  6.2 Levels of significance for tensile modulus and ultimate strengths over the 20 weeks 
degradation period 
Tensile modulus Tensile strength 
 0 8 12 16 20  0 8 12 16 20 
8 n.s     8 n.s     
12 * *    12 n.s n.s    
16 ** * *   16 ** * n.s   
20 ** ** * *  20 ** ** ** *  
Note: n.s = p>0.05, * = 0.05>p>0.01, ** = 0.01>p>0.001, *** = p<0.001 
 
 
Table  6.3 Levels of significance for shear modulus and ultimate shear strengths over the 20 
weeks degradation period 
Shear modulus Shear  strength 
 0 8 12 16 20  0 8 12 16 20 
8 n.s     8 n.s     
12 n.s n.s    12 n.s n.s    
16 n.s n.s n.s   16 n.s n.s n.s   
20 n.s n.s n.s n.s  20 n.s n.s n.s n.s  
Note: n.s = p>0.05, * = 0.05>p>0.01, ** = 0.01>p>0.001, *** = p<0.001 
 
 
6.3.3 Fatigue Life 
The fatigue testing on the degraded specimens were carried out at ±25% UTS and 
±25% USS of the non-degraded specimen. Due to the reduction in mechanical 
properties, ±25% UTS for non-degraded specimens now equated to about 38% 
UTS after 20 weeks degradation. Figure  6.6 shows the fatigue life for ±25% UTS 
at 37°C after different degradation periods up to 20 weeks in saline solution. 
The fatigue lives of the degraded specimens are fairly unaffected at the 
beginning of the degradation period. Compared to the fatigue lives for non-
degraded specimens, the fatigue lives after 8 and 12 weeks in saline showed 
non-significant reductions in the number of cycles to failure. However, the 
number of cycles was significantly reduced (p<0.01) to 298,899 cycles after 16 
weeks and by week 20, the fatigue lives showed a further significant reduction 
(p<0.01) to 197,145 cycles. 
The fatigue lives of non-degraded and degraded specimens tested at ±25% USS 
are shown in Figure  6.7. The torsional fatigue lives of the degraded specimens 
were retained up to week 8. Small reductions in fatigue lives were observed at 
week 12 to the end of 20 weeks degradation period but none was statistically 
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significant. This indicated that torsional fatigue is less affected by the 
degradation activity compared to axial fatigue. In summary, the degradation in 
number of fatigue lives results is similar with the alteration in static properties 
with respect to the effect of the degradation activity after immersion in saline 
solution. While the modulus and tensile strength drop slightly faster compared to 
axial fatigue life, the shear modulus and ultimate shear strength was minimal so 
the results for the shear fatigue are as expected. This leads to the conclusion 
that immersion in saline solution at 37°C affects the axial fatigue behaviour of 
the self-reinforced PLA composite more than the torsional. 
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Figure  6.6  Fatigue lives of non-immersed and immersed specimens tested at ±25% UTS fully 
reversed tension-compression for PLA-PLA-TCP composite (error bar indicate standard 
deviation, n=3-5) 
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Figure  6.7 Fatigue lives of non-immersed and immersed PLA-PLA-TCP tested ±25% USS fully 
reversed torsional for PLA-PLA-TCP composite (error bar indicate standard deviation, n=3-5) 
 
6.3.4 Analysis of Fatigue Damage 
The variations in secant modulus and dissipated energy during ±25% UTS fatigue 
of 8, 12, 16 and 20 weeks degraded specimens, together with non-degraded 
specimens, are shown in Figure  6.8. It can be seen that the non-degraded 
materials have higher modulus and lower dissipated energy compared to the 
degraded specimens throughout the fatigue process indicating that they have 
higher fatigue resistance. In comparison with the non-degraded specimens, 
specimens that underwent 8 to 12 weeks immersion showed similar behaviour.  
The modulus showed slow reduction till 105 cycles, before the reduction become 
accelerated. Similar behaviour was observed in the energy absorbed pattern. 
The energy absorbed increased gradually before becoming apparent after 10000 
cycles.  
The modulus for 16 and 20 weeks degraded specimens reduced in a similar 
gradual rate but the modulus reduction become more apparent earlier than for 
the first 2 immersion periods, which were after 105 and 104 cycles respectively. 
The initial values of secant modulus observed after these last two degradation 
periods were also slightly less than after the 8 and 12 weeks degradation 
periods. Having said that, the reduction in the secant modulus showed a similar 
trend to the tensile modulus obtained from quasi-static testing, with exception 
of the secant modulus in week 8. While for quasi-static testing, there was no 
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change in modulus up to week 8, in fatigue tests, the secant modulus reduced 
slightly but not significantly from week 0 to week 8 of the degradation period. 
This is probably due to the effect of compression loading as the fatigue tests 
were carried out in fully reversed tension-compression direction and the static 
modulus was only tested in tensile loading. As number of cycles progress, 
increases in specimen damage were observed through increased of energy 
absorbed. The damage in the structure of the specimens become more apparent 
as early as 100,000 and 50,000 cycles for specimens immersed for 16 and 20 
weeks respectively.  
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(b) 
Figure  6.8 Fully reversed tension-compression ±25% UTS uniaxial fatigue of non-immersed 
and immersed specimens: comparison a) axial secant modulus b) axial energy absorbed 
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The fatigue damage characteristics of ±25% USS fatigue after 8, 12, 16 and 20 
weeks degradation are illustrated in Figure  6.9. All the degraded specimens have 
lower initial secant modulus and higher energy absorbed values compared to the 
non-degraded specimens indicating that more damage was experienced by the 
specimen’s structure during the fatigue test. This indicates the effect of in vitro 
degradation on the materials structure as well as mechanical activity during the 
test. The modulus of the specimens for 8 and week 12 weeks degradation was 
retained up to 1000 cycles and the reduction became more apparent thereafter. 
This result showed that severe damage had already initiated at this stage, in 
parallel with the increased energy absorbed at the same time point. The fatigue 
damage in specimens after 12 weeks degradation period was slightly accelerated 
compared to 8 weeks as indicated by higher level of energy absorbed as early 
from 2000 cycles. However, when compared to the 16 weeks and 20 weeks 
degraded specimens, the reduction in the mechanical properties due to the 
fatigue damage after 20 weeks degradation is slower than after 16 weeks 
degradation time. Specimens soaked for 20 weeks managed to retain their 
modulus up to 10,000 cycles to failure before the damage become obvious. The 
amount of the energy absorbed in the 20 weeks degraded specimen was 
increased after 2000 cycles, indicating the damage in the composite system had 
started but the composite still mange to retain its stiffness. 
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(b) 
Figure  6.9 Fully reversed torsional ±25% USS uniaxial fatigue of non-immersed and immersed 
specimens: comparison a) torsional secant modulus b) torsional energy absorbed 
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6.3.5 Fractography 
Figure  6.10  shows the surface fracture after 8 weeks immersion and tested at ± 
25% UTS fatigue. In parallel with the strength and fatigue result, the specimen 
fractured in a similar manner to the non-degraded specimen shown in Figure 
4.19 in Chapter 4. Figure  6.10a shows that the fibres fractured with staggered 
fracture surfaces in bundles indicating slow crack propagation. Figure  6.10b 
shows that good adhesion between the fibre and the matrix can be seen 
indicating that the matrix is still mainly intact after 8 weeks immersion in saline 
which could be the reason for good strength retention achieved, while the 
presence of tricalcium phosphate on the fibres surfaces indicated some 
degradation had occurred in the matrix-fibre interface region (Figure  6.10c).  
After 16 weeks degradation, the degradation or loss of material between the 
fibre bundles has become more apparent (Figure  6.11a), indicating that the 
matrix degraded faster than the fibres, and the reduction in strength is due to 
loss of matrix. Figure  6.11b shows split damage to the single fibre inside the 
specimen resulting from the fatigue damage, indicating an increase in brittleness 
of the fibre due to degradation. The specimen failed in the compression region 
as indicated by the buckled fibres at the end of the fatigue test (Figure  6.11c).  
Further degradation periods caused more material loss and damage to the 
specimen structure as indicated by reduced fatigue lives. This result is supported 
by the fractography study of the fractured surface after 20 weeks of degradation 
as shown in Figure  6.12a. In comparison to the non-degraded specimen and 8 
weeks immersion specimens, 20 weeks soaking in saline solution caused further 
loss of the matrix, as the fibres fractured as individual strands rather than in 
bundles, indicating severe degradation at the interface (Figure  6.12b). Closer 
inspection at the bottom of the failure surface showed clear gaps between the 
fibre/matrix with fewer TCP particles attached to the fibres in comparison to 
Figure  6.10c, indicating reduced adhesion at the fibre/matrix interface. This 
further supported the argument that more damage occurred in amorphous 
materials such as the matrix at the longest degradation periods. 
Chapter 6 Effect of Composite Degradation on Fatigue Properties 216 
 
 
 
a)  
 
(b) 
 
(c) 
Figure  6.10 Fracture surfaces of 8 weeks immersed specimens subjected to tension-
compression ±25% UTS fatigue  
a) drawn fibres with staggered fracture surfaces in bundles; (b)  matrix around the fibres and  
(c) TCP particles on the fractured matrix/fibres interfaces (scale bars= (a)&(b) 20µm and (c) 
10µm) 
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(a) 
 
(b) 
 
(c) 
Figure  6.11 Fracture surfaces of 16 weeks immersed specimens subjected to tension-
compression ±25% UTS fatigue  
(a) degradation of materials between the bundles of fibre near the specimen surface; (b)  
split of fibres inside the specimen (c) buckled fibres (scale bars= (a)&(b) 20µm and (c) 
100µm) 
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(a) 
 
(b) 
 
(c) 
Figure  6.12  Fracture surfaces of 20 weeks immersed specimens subjected to tension-
compression ±25% UTS fatigue  
a) fibre fracture at beginning of facture path; (b) buckled fibres and (c) closer view of 
fracture fibre (scale bars = (a) &(b) 20µm; (c) 10 µm) 
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Figures 6.13 and 6.14 show the fatigue damage observed at ≤25% USS after 
immersion in saline solution for 8 and 20 weeks respectively, similar to the non-
degraded specimens (Figure 4.26). The materials did not fracture into two 
separate pieces at the end of fatigue testing indicating the ductile nature of the 
fibres. The failure mechanism is splitting parallel to the fibre direction as shown 
in Figures 6.13b and 6.14b, exposure of the TCP particles suggest that the filler 
particles had detached from the drawn PLA fibre and final fracture occurred due 
failure of the fibre-matrix interface.  The fracture surface was similar to the 
non-degraded specimens as discussed in detail in Chapter 4 and reviewed by Jelf 
and Fleck (1994). However, the fracture surface of 8 weeks degraded specimen 
appeared rougher and with visible vertical cracks formation (Figure  6.13b) in 
comparison to specimen degraded at 20 weeks. The differences in physical 
appearance probably due the water uptake during the immersion that caused 
the matrix to swell and after 20 weeks degradation, the outer machined surface 
layer of the specimen has eroded away leaving behind a smoother surface.  
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(a) 
 
 
(b) 
 
Figure  6.13 Fracture surface of 8 weeks immerse subjected to torsion ±25% USS fatigue 
(a) general view of  matrix crack parallel to main axial fibre orientation, (b) vertical crack 
with exposed TCP particles (scale bars = (a) 100µm; (b) 20µm. Arrow indicate fibre direction) 
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(a) 
 
 
(b) 
 
Figure  6.14 Fracture surface of 20 weeks immerse subjected to torsion ±25% USS fatigue  
(a) general view of  matrix crack parallel to main axial fibre orientation, (b) fibre fractured 
of with exposed TCP particles (scale bars = (a) 100µm; (b) 20µm. Arrow indicate fibre 
direction) 
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6.4 DISCUSSION 
Polymer degradation is the first step of the erosion process and can be 
estimated by measuring the reduction in mechanical properties. The complete 
loss of the polymer is known to take substantially longer than the loss of the 
tensile or shear strength. During the first phase, aqueous solution penetrates the 
polymer, followed by hydrolytic degradation, converting the very long polymer 
chains into shorter water-soluble fragments, which can be regarded as a reverse 
polycondensation process. For example, PLA becomes soluble in water for 
molecular weight Mn below º 20,000(g/mol) (Zhang et al., 2008). 
In practice, when the PLA matrix starts to degrade, the pH of the buffer solution 
will be slightly acidic due to the release of the acidic degradation products from 
the poly-α-hydroxyacids during the hydrolysis process (Li and Vert, 1999; 
Middleton and Tipton, 2000). Niemala (2010) and Nimela et al. (2005) showed 
that with addition of osteoconductive filler materials such as bioactive glass 
(BaG) and β-tricalcium phosphate the pH values of the buffer solution remained 
neutral for longer. A similar finding was shown in this study (Figure  6.1).  This is 
thought to be a neutralizing effect produced when tricalcium phosphate releases 
phosphates ions into the surrounding saline solution during the degradation 
process. The phosphates ions help to neutralize the acidic degradation product 
by binding with the hydrogen ions from the solution and acting as an alkali (Ara 
et al., 2002; Schiller et al., 2003).  Bleach et al. (2002) showed a similar 
neutralizing effect when immersing similar PLA-PLA-calcium phosphates 
composites in SBF solutions during their in vitro degradation study. Additional 
similar findings have also been reported for other osteoconductive bioceramics 
in bioresorbale polymer composites (Kikuchi et al., 2002; Maquet et al., 2004; Li 
and Chang, 2005 and Zhou et al., 2009).  
Niemelä and co-workers (2005, 2007 and 2010) showed that the addition of the 
osteoconductive filler materials such as BaG and TCP increased the water 
absorption in PLA based composites in the early stages of their 110 weeks 
degradation study of unfilled and filled self-reinforced composite. This was 
thought to be due to the porous surface of the filler. They argued that the 
interface between the matrix polymer and fillers particles allows the water to 
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penetrate the structure. However, the presence of osteoconductive filler 
reduces the degradation rate when compared to the unfilled polymer.   
As all specimens in this study were reinforced with approximately 12 wt.% 
tricalcium phosphate, the effect of filler content on the physical properties was 
not being investigated, the issue is well reported elsewhere. The preliminary 
results showed that water absorbed and dry mass loss in this study was minimal 
for the 20 weeks degradation period (Figure  6.2). When compared the progress 
of mass loss to the water uptake (Figure  6.3), the polymer mass seem to 
decrease slower than the water uptake. This lag normally occurs in degradable 
polymers in vitro (Li et al., 1999; Bleach et al., 2000) as well as in vivo 
(Matsusue et al., 1992). This phenomenon is caused by a delay in the leaching 
out of low molecular weight fragments produced during hydrolysis as 
degradation occurred preferentially in the centre of the polymer (heterogeneous 
degradation). Although the fibre and calcium phosphate reinforcements should 
help in the diffusion process of hydrolysis products to the surface of the 
composite, this was not large enough to produce any significant changes until 
around eight weeks of degradation. 
The slow physical degradation results indicated that the composites were still in 
the first phase of hydrolytic degradation even after 20 weeks. As this occurs in 
the amorphous regions, there was no apparent loss in the physical properties, as 
the crystalline regions hold the structure together, as well as minimum water 
intake and reduction in dry mass occurred. Niemelä (2005) discussed that first 
phase degradation of self-reinforced poly-L-D-lactide with L:D dimer ratio 96/4 
composite lasting approximately about 52 weeks. They reported that there was 
no significant increase in water absorption in both unfilled self reinforced 
composite (1% water intake) and filled 20 wt.% of TCP-polymer composite (5% 
water intake) in the first 20 weeks of degradation. By 52 weeks, the water 
absorbed had increased to 4% and 11% respectively. The dry mass of both 
composites remained unchanged until after week 52, thereafter the mass loss 
increased, water absorption decreased rapidly indicating that the composite was 
entering the second stage of hydrolytic degradation where the crystalline 
regions started to fragment. Recently, Han et al. (2012) reported similar results 
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when studying water absorption and mass loss during in vitro degradation of 
semicrystalline PLLA composite.  
Niemelä et al. (2008) reported faster water absorption and mass loss rate when 
using PLA based polymer with L:D dimer ratio 70/30, after approximately 48 
weeks in comparison to PLA 96/4. The different alteration time in the physical 
properties of PLA 96/4 and PLA 70/30 are due to the different amounts of the 
amorphous and crystalline regions in the polymer. Previous studies by Li (1991), 
Vert et al. (1991) and recently Daculsi et al. (2011) summarized that PLA 70/30, 
being an amorphous material has greater tendency for fast degradation as it has 
few crystalline regions holding the polymer structure as in comparison to 
semicrystalline poly-l-dl-lactide (96/4), that is the material used for the fibres. 
Strength retention of the composite during the degradation process is a major 
factor in designing an implant for bone fixation in order to ensure primary 
stability of the fracture. Cancellous bone normally heals within 8-12 weeks, 
although the healing process can be delayed for many reasons. A tibial fracture 
wills typically take 16 weeks to heal but again the healing process can be 
delayed by many factors (Kenwright et al., 1991; Richardson et al., 1994). 
Therefore, good strength retention of the composite in longer degradation 
environment duration is desirable for slower fracture healing (Claes et al., 
1996).  
The modulus and strength retention in vitro of PLA-PLA-TCP composite from 
tensile and torsion tests are presented in Figure  6.4 and 6.5 respectively. The 
composite was able to retain its initial tensile strength and stiffness up to 
approximately 12 weeks immersion in PBS. Bleach et al. (2000) showed in their 
early degradation study of similar composites, there was initial increase in the 
flexural modulus after one week’s degradation in SBF followed by slight 
reduction at week 4 followed by non-significant reduction up to week 12. This 
phenomenon possibly due to leaching of the low monomer or low molecular 
weight fragments that act as a plasticizer, so their removal would increase the 
flexural modulus. Contrary to this finding, Felfel et al. (2011) reported a sudden 
decrease in flexural and compressive strength after 3 days immersion in PBS 
which could have been the due to plasticisation of the fibre/matrix interface by 
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the soaking media in their degradation study of phosphate glass fibre reinforced 
PLA composite. Ton That et al. (2000) showed similar finding attributed to the 
same reason. They reported that soaking the HA/HDPE composite in saline made 
the materials more ductile, yet at the same time reduced the ultimate strength 
of the composite in the first 12 weeks of degradation study. Theocaris et al. 
(1983) discussed that the presence of saline in polymers can act as internal 
plasticiser, which allows the polymer chains to flow and slip over each other 
more easily, thus reducing the modulus and increasing ductility. Nevertheless, 
since the pattern of degraded properties is similar, it can be assumed that a 
similar phenomenon occurred in this study. 
Compared to the non-immersed specimens, the tensile strength of 20 weeks 
immersed specimens were reduced by nearly 40%, while the axial modulus was 
reduced by about 20%. While significant reductions were observed after 20 
weeks immersion, their altered strength is still comparable to that of cortical 
bone. The shear modulus and strength virtually remained unchanged throughout 
the degradation period. It is promising that the tensile modulus and strength of 
the PLA-PLA-tricalcium phosphate composite are retained over 20 weeks 
degradation as they remain stiff and strong enough to give sufficient support to 
the bone during healing period. This finding is consistent with the mechanical 
results reported by Bleach et al. (2000). 
In an another study, Ignatius et al. (2001) reported similar finding when studying 
the degradation behaviour of injection moulded composite pins made poly (L, 
DL-lactide) filled with 10% and 30% tricalcium phosphate. While the composite 
with 10% tricalcium phosphate showed slower loss of strength and the 
mechanical properties remained nearly constant for 26 weeks after immersion in 
phosphate buffer, the composite pins with 30% tricalcium phosphate degraded 
quickly from start of the immersion period in a linear manner. They argued that 
accelerated strength retention loss was not due to faster hydrolysis of the matrix 
but rather decreased adhesion between the matrix and filler particles, 
confirmed by significant water intake and swelling during the degradation. This 
is similar to the results reported by Suwanprateeb et al. (1997) who showed that 
the water uptake in HA reinforced PE increased with increasing filler content.  
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In the study mentioned earlier by Niemelä and co-workers (2005, 2010), it was 
also reported that the shear and bending strengths were nearly unchanged up to 
30-36 weeks in PBS immersion. The longer strength retention is probably due to 
the porous structure of polymer/filler. They assumed that during degradation, 
the pores become interconnected and allow acidic degradation products to 
diffuse away from the internal structure. Retention of this by-product can cause 
local acidic environment in the internal structure of specimen which act as 
catalyzer for further degradation (Niemelä, 2005; Li, 1999; Middleton and 
Tipton, 2000). Similar strength retention behaviour in other self-reinforced 
composites has been reported (Niemelä et al., 2004; Niiranen et al., 2004) 
confirming the theory that porous structure seems advantageous in maintaining 
strength retention in PLA based composites.  
All 8, 12, 16 and 20 week degraded specimens have comparable fatigue 
behaviour. This is reflected by similar trends in modulus degradation and energy 
absorbed as shown in Figures 6.8 and 6.9. Fractography revealed that the 
significant reduction in axial strength is due to matrix loss and failure of the PLA 
matrix-TCP interface. With increased degradation periods, the fibres fracture as 
single fibres (Figures 6.11 to 6.14) rather than in bundles as occurred in non-
degraded specimens (Figure 4.24a). As the matrix is made of a more amorphous 
PLA, the matrix material probably degraded faster compared to the more 
crystalline fibres. The amount of TCP particles was also reduced on the fracture 
surfaces of 20 weeks degraded specimen compared to non-degraded. This 
suggested TCP particles were easily detached from PLA chains subsequently 
reducing the fatigue life of the immersed composite and have probably started 
degrading themselves.  
Analysis of the damage characteristics also showed that at 20 weeks, the 
specimen has higher energy absorbed compared to non degraded specimens 
which is as expected. However, the amount of energy absorbed in torsion for 20 
week specimens was also higher than non immersed specimen despite no 
significant differences obtained in shear strength during quasi-static testing.  
While the reduction in fatigue lives is not statistically significant, the internal 
damage at the interface is substantially higher as reflected by higher energy 
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absorbed per load cycle. As the immersion lengthens, decreases in specimen dry 
mass and water uptake were observed. As more of the polymer was hydrolysed, 
the ability of oligonomers to leach out of the composite was increased. More 
water thus was able to enter the composite, resulting in increased hydrolysis 
rate. The PLA70 matrix tends to decrease faster than the fibres, which might also 
influence the integrity of the fibre-matrix interface. Nielsen and Landel (1994) 
argue that under loading, energy is dissipated at interface of the fibre/matrix 
and if this interface is altered or destroyed by the absorption of the water into 
the composite, the damping will increase.  Previously, Nielsen and Lee (1972) 
reported that the storage modulus of polystyrene filled glass bead composite 
was increased when the composite was soaked in water. The increase in 
damping was attributed to weakening of the interface adhesion, which provides 
friction between the polymer and particles and thus controls the interfaces.  
This occurred due to crack formation in the matrix as a result of stresses around 
the glass beads. Thus, it is likely that similar effects played a role in increasing 
the energy absorbed in this study in axial as well as in torsional loading, which 
act as an indicator of the damage sustained by the composite as a direct result 
of degradation. 
In torsional loading, the fatigue lives are less affected by the degradation in 
comparison to the axial fatigue, as expected considering there was no significant 
reduction found during the quasi-static tests. As mentioned in Chapter 4, the 
interface strength can be influenced by the type of mechanical test that is 
conducted, which in this case was the direction of the load with respect to the 
fibre. Therefore, the interface has more significant effects on the compressive 
or tensile strength of the composite compared to the shear strength. This is 
because the direction of the load in tension or compression is parallel to the 
fibres, while for shear test, the load that been applied was perpendicular to the 
fibre direction. This is one possible reason why the degradation has less effect 
on the shear strength in static and consequently shear fatigue lives. However, as 
the hydrolytic degradation of the polymeric materials did alter the interface 
strength of the composite, the energy absorbed in shear fatigue for degraded 
specimen is higher, indicating more damage occurred in the degraded 
specimens’ structure when compared to non-degraded specimens.  
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6.5 CONCLUSIONS 
The physical appearance of the PLA-PLA-tricalcium phosphate only showed slight 
changes after 20 weeks of the degradation period due to slow degradation 
process by the composite.  While the mechanical properties show significant 
alteration from 16 weeks in PBS immersion till end of degradation period, the 
axial strength are still comparable to those of cortical bone. Thus, it can be 
concluded that the composite has a good strength retention as it still able to 
load bearing. The shear strength and stiffness given from the torsional test 
however remained unchanged, similar to those reported in literature, indicating 
that torsional properties were less affected by degradation compared to the 
axial.  
The fatigue behaviour of the degraded samples was significantly affected by 20 
weeks of degradation. This might be attributed to the strength being reduced to 
60% of the initial value of non-degraded specimens. Therefore, stress loading of 
fatigue test for weeks 20 degraded specimen were equivalent to 40% UTS of non-
degraded strength. The number of cycles to failure of the degraded specimens 
followed the trend with the S-N curve established in Figure 4.8 previously.  
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CHAPTER 7 - GENERAL DISCUSSION, 
CONCLUSIONS AND FUTURE WORK 
7.1 GENERAL DISCUSSION 
Self-reinforced PLA-PLA-TCP was produced using a pre-pregging process. In order 
to give high filler content in the final composite, a much higher volume fraction 
of TCP had to be incorporated into PLA70 matrix since the presence of the PLA96 
fibres decreased the total percentage of the filler. In this study, 67 wt.% TCP 
was used in PLA70 matrix, but due to the quantities of the fibres used, this only 
give approximately 12% wt. as determined by ashing. As the composite was 
developed with bone fixation in mind, the low amount of CaP was questionable 
whether it will help in improving bioactivity. However, Bleach et al. (2001) 
showed the bioactivity of similar self-reinforced composite with 12 wt.% (5.5 
vol.%) of HA or  tricalcium phosphate showed significant bioactivity in a human 
cell culture study. 
In order to study the effect of the moulding temperature on the composite 
strengths in static as well as in cyclic loading, two moulding temperature were 
used, that is 140 and 150°C. Increases in axial moduli and yield and ultimate 
strengths were found for the higher moulding temperature but no significant 
effects were observed in the torsional properties. The increased mechanical 
properties are thought due to better interaction between the matrix-fibre 
interfaces at the higher temperature. This is because the higher temperature 
moulding allowed better impregnation of the fibres bundles by the matrix. 
Further evidence was shown in Figure 4.2 where increased consolidation and 
fewer gaps were observed in materials moulded at 150°C. Based on this result, a 
compression moulding temperature of 150°C was used to investigate the effect 
of biaxial loading and degradation activities on the fatigue properties of the 
composite.  
The quasi-static results also demonstrated that PLA-PLA-TCP composite is 
stronger in tension than in compression and torsion. This finding is however 
expected for the type of continuous fibre reinforced composite. The torsion and 
tensile behaviour of the composite is also more ductile than the compressive. In 
general, the compressive failure of the continuous fibre reinforcement 
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composite is due to the buckling that caused by kink band formation in the 
composite resulted from compressive stress (Jelf and Fleck, 1992; Budiansky, 
1983; Argon 1972). When a compressive load is applied, the stress is taken by 
the fibres and transferred to the matrix through shear at the interface. With 
increase of the stress, the fibres start to flex and the matrix starts to stretch 
away from the fibres and trigger the kink bands formation inside the specimen 
that led to buckling. There are many factors that can contribute to the 
formation of the kink bands, but the most common is misalignment of the fibres 
during the fabrication. As the composite in this study were produced by hand-lay 
up technique, such possibility of the variation in the fibre waviness is highly 
present. 
Uniaxial fatigue results showed that the composite moulded at 150°C (T150) had 
increased fatigue lives compared to that moulded at 140°C (T140) when tested 
at 25A, 50A and 75A of individual ultimate strengths. Torsional fatigue lives were 
unaffected by the moulding temperature.  This finding is expected considering 
the results from the earlier quasi-static tests to failure. S-N curves for both 
moulding parameters were established in Figure 4.9.  As the cycles to failure for 
the lowest load level used still showed failure, a fatigue endurance limit for the 
unidirectional self-reinforcement PLA-PLA–TCP composite cannot be identified. 
However, as no failure were observed for two specimens (T150) when tested at 
25A, there may be a fatigue endurance limit below 34.9 MPa for samples 
moulded at 150°C. 
The fatigue surfaces fracture from the uniaxial fatigue loaded is also differ for 
specimens moulded at moulding temperature of 140°C (T140) in comparison to 
moulding temperature of 150°C (T150). It was observed that for T140, the 
specimen failed via delamination buckling while for T150, the specimen failed 
due to fibre microbuckling. The delamination fracture surface indicated poor 
matrix-fibre interfaces strength, while by increasing the moulding temperature, 
better interaction was achieved in T150 thus increase the interface strengths 
and change the fracture failure mode. This finding is similar to that discussed by 
Madzukar and Drzal (1992) that showed that compressive strength and failure 
mode are sensitive to the matrix-fibre interfaces.  
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Superposition of the torque on axial loading reduced the fatigue life of the 
composite as shown in Figure 5.1. At equal stress levels, the failure was 
dominated by the shear failure as torsional loading lead to lower fatigue 
resistant in comparison to the axial. Increasing phase angle increased the fatigue 
lives. The difference is due to the loading path as shown in Chapter 2, where 
under load-controlled test, both in-phase and out-of-phase loading has maximum 
applied strain. George and Vashishth (2005) and Ton That (2000) both showed 
that maximum shear strain for total loading cycles for out-of-phase is lower than 
in-phase loading, thus less damage occurred during out-of-phase loading. 
The presence of the calcium phosphate in the composite lead to slow 
degradation of the material, due to neutralization of acidic end group, thus 
reducing the amount of autocatalysis that occurred (van der Meer et al., 1996). 
Further evidence was shown in Figure 6.1, where the pH value of saline solution 
remained unchanged for the 20 weeks degradation period of the tricalcium 
phosphate filled specimens. Bleach et al. (2001) showed with unfilled but similar 
specimens, the pH decreased with degradation time.  
The high initial tensile and compression moduli and strengths of the specimen 
moulded at 150°C indicated that this composite shows promise for use in 
fracture fixation. The composite showed significant decreases in tensile modulus 
and ultimate strength (p<0.01) by 20 weeks, however the degraded properties 
are still comparable to cortical bone, showing that not only the degradation 
process of the composite is slow but it also has the potential to use where when 
longer degradation times are required, such as tibia fractures where average the 
healing time is 16 weeks. 
The fatigue properties of the degraded specimens decreased with increasing 
degradation period. Even though the fatigue tests were carried out at the low 
level stress of 25A for non-degraded specimens, the degradation process reduced 
the quasi-static properties of the composite.  At 20 weeks degradation period, 
the 25% UTS test value is equivalent to 40% UTS of the degraded specimen, thus 
explaining the decrease in the number of cycle to failure. Fatigue lives given by 
degraded specimens shows a similar trend to uniaxial S-N curves that were 
established earlier.  
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7.2 CONCLUSIONS 
1. S-N curves for axial and torsional loading were established in which the 
fatigue limits appears to be less than 25% of the ultimate stress 
(34MPa). PLA-PLA-TCP composite moulded at 150°C was shown to be 
more fatigue resistant than materials moulded at 140°C. 
2. The ultimate strengths are highest in tension followed by compression 
then torsion. The material is ductile in torsion as well as in tension. 
3. Microscopy examination revealed that higher mechanical properties in 
quasi-static and fatigue testing with higher moulding temperature are 
due to better interaction and adhesion between the fibre and matrix. 
4. Numbers of cycles to failure in the unidirectional fibre reinforced 
composite are dominated by the compression loading behaviour, which 
is a typical type of failure for continuous fibre reinforced composite 
agreeing   with the literature.  
5. Fractography analysis revealed that the composite failure is initiated 
by the fibre kinking mechanism that led to fibre buckling.  
6. Superposition of the torque on axial loading considerably reduces the 
fatigue life of self-reinforced PLA-PLA-TCP composite. Out-of-phase 
loading is less damaging than in-phase loading, which agrees with 
analysis of combined stress. S-N curves in terms of principal stress; 
maximum shear stress and Tsai-Wu criteria were plotted. The Tsai-Wu 
criterion was found to have the best fit. 
7. Failure in fully reversed fatigue appears to be dominated by the lower 
torsional properties. The weak PLA fibre-matrix interfaces and PLA 
matrix–TCP interfaces are also responsible for failure in axial as well as 
torsional fatigue. 
8. Fractography examinations showed that biaxial failure was dominated 
by shear mechanism and that fatigue-striated features were observed. 
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9. The threshold number of cycles at which damage starts to accumulate 
in the composite was shown to be load dependent. For biaxial fatigue, 
the threshold is also further influenced by the phase difference. 
10. The composite showed slow degradation, it absorbs about 1.4% by 
weight of saline solution and has insignificant dry mass loss, less than 
0.2% by the end of 20 weeks degradation. 
11. The PLA-PLA-TCP composite showed good strength retention over 20 
weeks. Even though there is significant reduction in modulus and 
ultimate strength at week 20, the strength is comparable to the 
cortical bone showing promise for use in longer fracture fixation 
applications. 
12. The fatigue lives of the degraded composite decrease with increasing 
the degradation period showing the influence of the material 
degradation on the cyclic properties.  
7.3 FUTURE WORK 
1. Further work should be carried out to optimize the manufacturing 
procedure since the pre-preg produced is currently still of variable 
quality. A different solvent other than acetone could be studied. The 
fibres used are thought to be slightly weakened during the pre-pregging 
process as they are slightly soluble in the acetone, however this may help 
in promoting a bond between the fibres and matrix.  Nevertheless, higher 
initial mechanical properties could be achieved if a solvent were found 
that did not partially dissolve the fibres during the manufacturing. 
2. Further combination of different stress levels should be carried out at 
different phase angle in order to establish better estimations of the 
multiaxial S-N curve. 
3. Longer degradation studies should be carried out on the composite, with 
possibility of investigating the fatigue properties up to one or two years. 
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4. Biaxial fatigue studies should be carried out on the degraded material to 
study the effects of the superimposed loading stress as well as phase 
angle on the fatigue behaviour of the degraded composite.  
5. Further mechanical tests such as creep should be used to characterize the 
mechanical properties of the composite for non-degraded as well as after 
degraded samples. 
6. Cell culture work should be carried out for the specimens that undergone 
degradation in order to fully understand the in vitro biological response of 
the bioactive composite. 
7. Further investigation need to be carried out on how the composite could 
be manufactured into useful devices for the intended applications. 
8.  Different fibre orientation and effect of laminar lay-up should be 
investigated in respect of the effect on the mechanical properties in 
static and cyclic conditions. 
9. Finally, in-vivo study would be needed before clinical application.  
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APPENDICES 
Appendix 1: Correction Factor for Axial and Torsional 
Test 
 
 
Figure A1 Specimen parameters 
 
A1.1 Axial testing 
As the test was carried out in saline solution, and with absent of immersable 
extensometer, therefore the strain were calculated from the relative movement 
of the grips. Thus, correction factor need to calculated for the difference 
between the cross-head separation gauge length strain 
Strain ΑΕ
Ρ
=
Ε
=
σ
ε
   A.1
  
Thus,  
 
ΑΕ
Ρ
=
L
δ
 A.2  
ΑΕ
Ρ
=∴
Lδ
  A.3
  
Where d is deformation 
shouldergaugetotal δδδ 2+=
  A.4
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For the gauge section: 
 
Er
Pl
g
g
g 2pi
δ =
 A.5 
 
With rg=1.75mm, lg = 13mm, will gives: 
 
E
P
g pi
δ 24.4=
  A.6 
 
For the shoulder section: 
The specimens used were cylindrical with the shoulder profile being part of a 
circle. If r is a point on the curve, the equation for a circle is: 
( ) ( )[ ]2222 lRRbrA −−+== pipi
 A.7 
 
The –ve value is chosen for reasons of the geometry, therefore for a small slice 
Er
Pdl
EA
Pdld
sS
2pi
δ ==  
Or 
 
( )[ ]∫ −−+=
sl
lRRb
dl
E
Pd
0
2
22pi
δ
 A.8 
 
By substituting values of R= 28mm, b =1.75 mm, and ls= 9mm into equation A.8 
gives: 
E
P
s pi
δ 99.1=
 A.9 
 
Thus combining equation A.4, A.6 and A.9 gives 
 
52.0=
total
g
ratio δ
δ
 A.10 
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Therefore the gauge length strain,
g
t
g
g
ll
δδ
ε 49.0==  where dtotal is measured by 
the machine displacement. 
 
 
 
A1.2  For torsional testing 
The total twist qtotal, 
sgrrealtotal θθθθ 2)( +==
 A.11  
 
Where qg is the torsion in gauge section and qs is the twist each of each of the 
shoulder section. 
The section stress and strain are as followed: 
l
r
 and
θγ
pi
τ ==   
2
3
r
T
 
θpi 4r
2Tl
G modulus,shear  to lead =
 A.12 
  
r
2T
 4G
l
pi
θ =therefore,
 A.13 
Gr
Tl
4
2
dl
d
  
pi
θ
=or
 A.14 
 
For gauge section  
From equation A.11, 
Gr
T
g 4
2
pi
θ =
 A.15 
 
aG
T
g θαpi
θ == 1
2
 A.16 
41 , 
r
gl
=αwhere
 A.17 
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For shoulder section: 
 
( ) ( )22 lRRbr +±+=
 A.18 
From the equation A.14, it can be deduced that: 
[ ] GlRRb
T
dl
d
4
22)(
2
−±+
=
pi
θ
 
 
dl
GlRRb
T
l
SG
T
4
22)(
20
0
2
 s 




−±+
∫=
pi
pi
θto leads this
 A.19 
By substituting relevant values in to equation and intergrating it gives: 
2
2
α
pi
θ
s
G
T
s =
 A.20 
 
dl
lRRb
T
l
4
22)(
20
0
 s 


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
−±+
∫=α where  
 
Combining equation A.11, A.16 and A.20 gives: 
 
)222(
2
)( ααpiθ +=
s
G
T
rreal
 A.21 
The ratio of 
g
r
θ
θ
 from equation (A.16) and (A.21) gives the correction factor of 
1.72. 
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Appendix 2: Calculations of Euler Buckling Load 
 
The critical force, Pc For built in end: 
2
24
b
critical l
EIP pi=
 
 
 A.22 
 
For pin joint,  
2
2
l
EIPcritical pi=
 A.23 
Where E is the Young’s Modulus, l is the length and the polar moment of inertia 
2
4
rpi
=Ι  
The ASTM E466 dumbbell specimen has build-in ends, but since its gripping 
distance is over the gauge length and two shoulder sections, lb is used and can 
be calculated from A1 
By substituting the relevant value into equation A.23, the P critical value was 
found to be approximately 965N (º100 MPa) for T150 composite 
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Appendix 3: Calculation of a Principal Stresses and 
Maximum Shear Stresses of Various Loading Conditions 
 
For  25% UTS (25A) smax = 32.43 MPa 
50% UTS (50A) smax = 64.87 MPa 
25% USS (25T) tmax = 6.48 MPa 
50% USS (50T) tmax = 12.97 MPa 
 
The specimen is assured to have a diameter of 3.75mm and substituting these 
values in equation in section 3.3.7 to calculate the principal stress and the 
maximum shear stress 
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2. 25A50T( in-phase) 
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4. 50A50T( in-phase) 
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6. 25A25T (60° out-of-phase) 
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8. 50A50T (90° out-of-phase) 
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Appendix 4: Calculation of Tsai-Wu values of Various 
Loading Conditions 
 
 
Using value of Fx, FXX and FSS constants in section 3.3.8, the maximum values of 
Tsai-Wu parameter are calculated and can be summarised  
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Figure A2 Maximum values of the Tsai-Wu parameter 
For different loading conditions (biaxial phase angle showed in bracket) 
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Introduction: 
The development of bioresorbable and 
simultaneously bioactive PLA-based composites 
has progressed from partially absorbable PLA 
composite reinforced with carbon fibres to totally 
absorbable composites reinforced with calcium 
phosphates, such as hydroxyapatite (HA)1 and 
tricalcium phosphate (TCP), particles or fibres or 
bioactive glass particles2 and with PLA fibres3. 
There are two major targets in the production of 
bioresorbable composites of degradable polymers 
filled with bioceramics or bioglasses, which are to 
increase the mechanical properties and to increase 
the bioactivity, allowing higher load bearing 
applications and achieving bone bonding to the 
implant interfaces thus accelerating the fracture 
healing. Most potential clinical applications are 
subjected to cyclic loading. This study 
investigates the quasi-static and fatigue properties 
of PLA reinforced with PLA fibres and TCP 
particles in uniaxial loading. 
 
Materials and Methods: 
Sheets of pre-preg were manufactured from 
drawn polylactide fibres (27 µm diameter) with 
L/D ratio 96/4 (PLA96) in a matrix of polylactide 
with an L/D ratio of 70/30 (PLA70) and tri-
calcium phosphate filler particles with mean 
particle size of 4µm. The pre-preg was 
compressed moulded at 140°C into cylindrical 
rods and then machined into dumbbells to ASTM 
E466 standard, with gauge diameter of 3.5mm 
and gauge length of 20mm. The samples were 
tested in physiological environment (37ºC saline 
solution) using MTS Bionix 858 biaxial test 
system. Specimens were first subjected to 
monotonic tension to determine the ultimate 
tensile strength (UTS). Fatigue test were carried 
out at ±25%, ±50% and ±75% of UTS using 
sinusoidal loading at a frequency of 2Hz in load 
control. Testing was performed both in tension 
only and fully reversed tension-compression. Data 
from sets of 10 load cycles were collected in a 
logarithmic manner. Ten sets of force-extension 
data were collected per recorded load cycle and 
used to calculate stress and strain.  
 
Result and Discussion: 
The ultimate tensile strength was 103±4.8MPa. 
The tension only fatigue stress-strain curves for 
various cycles are shown in Figure 1. As the 
number of cycles increased, the creep increased 
and the material become more damaged, as 
reflected by the increasing size of the stress-strain 
loops and reduced modulus. From these graphs, 
the energy absorbed per load cycle and the secant 
moduli (Figure 2) were calculated. The damage 
become apparent after 104 cycles, thus before 
failure occurs.  
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Figure 1: Stress-strain curves for axial tension 
fatigue 
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Figure 2: Dissipated energy for axial fatigue 
 
Conclusions / Summary:  
Based on monotonic and fatigue test of the 
degradable composite, it can be concluded that 
firstly, the fatigue damage accumulation was 
monitored by observing the increase in the 
dissipated energy and the reduction in the 
modulus. Secondly, the failure primarily occurred 
due to debonding between the fibres and the 
matrix.  
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INTRODUCTION 
The development of bioresorbable and 
simultaneously bioactive PLA-based 
composites has progressed from partially 
absorbable PLA composite reinforced with 
carbon fibres to totally absorbable 
composites reinforced with calcium 
phosphates, such as hydroxyapatite (HA)1 
and tricalcium phosphate (TCP), particles or 
fibres or bioactive glass particles2 and with 
PLA fibres3. Most potential clinical 
applications are subjected to cyclic loading. 
For example, 1x106 cycles per annum 
estimated for finger joints while in hips, 
ranging from 0.5 to 2 x106 cycles per 
annum. Thus, if self reinforced PLA is going 
to be used in such dynamically loaded 
implants, its fatigue behaviour needs to be 
study. This study investigates the fatigue 
behaviour of PLA reinforced with PLA fibres 
and TCP particles both in biaxial direction. 
EXPERIMENTAL METHODS 
Sheets of pre-preg were manufactured from 
drawn polylactide fibres (27 µm diameter) 
with L/D ratio 96/4 (PLA96) in a matrix of 
polylactide with an L/D ratio of 70/30 
(PLA70) and tri-calcium phosphate filler 
particles with mean particle size of 4µm. 
The pre-preg was compression moulded 
using a hydraulic press into cylindrical rods. 
The sample then machined into dumbbells 
with gauge diameter of 3.5mm and gauge 
length of 13mm. The samples were tested in 
physiological environment (37ºC saline 
solution) using MTS Bionix 858 biaxial test 
system. Specimens were first subjected to 
monotonic tension and torsion to determine 
the ultimate tensile strength (UTS) and 
ultimate shear stress (USS). Uniaxial fatigue 
test were carried out at 25%, 50% and 75% of 
ultimate tensile and shear strength using 
sinusoidal loading at frequency of 2 Hz. 
Biaxial fatigue tests were then performed 
various combination of level of axial and 
torsional loading. Data from sets of 10 load 
cycles were collected in a logarithmic 
manner to allow energy absorbed per cycle 
and tangent modulus to be calculated in 
both axial and torsional directions. 
 
RESULTS AND DISCUSSION 
Uniaxial fatigue results showed that the 
torsional fatigue has lower number cycles to 
failure than axial fatigue (Figure 1). 
Superposition of torque on axial loading 
considerably reduces the fatigue life of 
composite (Figure 2). With progressive 
cycling, fatigue damage was observed by 
the reduction in modulus and the increase in 
dissipated energy both calculated from the 
hysteresis loop. Microscopy was used to 
study the fracture mechanism, which 
revealed evidence of interfacial failure.  
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Figure 1: S-N curves for SR- PLA- TCP (37º in 
saline solution) 
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Figure 2: Biaxial fatigue lives of SR PLA-TCP 
composites (in- phase) 
 
CONCLUSIONS 
The fatigue damage accumulation was 
monitored by observing the increase in the 
dissipated energy and the reduction in the 
 Publications 292 
 
 
modulus. Failure primarily occurred due to 
debonding between the fibres and the 
matrix 
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Introduction: 
The development of bioresorbable and 
simultaneously bioactive PLA-based 
composites has progressed from partially 
absorbable PLA composite reinforced with 
carbon fibres to totally absorbable 
composites reinforced with calcium 
phosphates, such as hydroxyapatite (HA)1 
and tricalcium phosphate (TCP), particles or 
fibres or bioactive glass particles2 and with 
PLA fibres3.There are two major targets in 
the production of bioresorbable composites 
of degradable polymers filled with 
bioceramics or bioglasses, which are to 
increase the mechanical properties and to 
increase the bioactivity, allowing higher 
load bearing applications and achieving 
bone bonding to the implant interfaces thus 
accelerating the fracture healing. Most 
potential clinical applications are subjected 
to cyclic loading. This study investigates the 
effect of the degradation on the quasi-static 
strength and fatigue properties of PLA 
reinforced with PLA fibres and TCP 
particles. 
Materials and Methods: 
Sheets of pre-preg were manufactured from 
drawn polylactide fibres (27 µm diameter) 
with L/D ratio 96/4 (PLA96) in a matrix of 
polylactide with an L/D ratio of 70/30 
(PLA70) and tri-calcium phosphate filler 
particles with mean particle size of 4µm. 
The pre-preg was compressed moulded into 
cylindrical rods and then machined into 
dumbbell with gauge diameter of 3.5mm 
and gauge length of 13mm. Samples then 
were degraded in saline solution for up to 
20 weeks. Degradation rate was assessed by 
measuring changes in tensile modulus and 
strength as well as changes in wet mass, dry 
mass and pH of the solution. Uniaxial 
fatigue test were carried out at 25% of 
ultimate tensile and shear strength using 
sinusoidal loading at frequency of 2 Hz in 
environmental chamber. Data from sets of 
10 load cycles were collected in a 
logarithmic manner. Ten sets of force-
extension data were collected per recorded  
 
load cycle and used to calculate stress and 
strain. 
Result and Discussion: 
Result showed that sharp increased in fluid 
absorbed in the first period of the 
degradation time following with steady 
increased (Figure 1). Quasi testing result 
showed the mechanical strength decreased 
as degradation progressed (Figure 2). 
Increasing of fluid absorbed and reduction 
of the mass reduced the fatigue life of the 
composite (Figure 3). With progressive 
cycling, fatigue damage was observed by 
the reduction in modulus and the increase in 
dissipated energy both calculated from the 
hysteresis loop. Microscopy was used to 
study the fracture mechanism, which 
revealed evidence of interfacial failure. 
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Figure 1: Percentage absorbed fluid versus 
degradation time 
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Figure 2:  Axial modulus and strength versus 
degradation time 
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Figure 3:  ±25% UTS fatigue lives of 
immersed specimens 
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